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Abstract
The biological response of hepatocytes cultured on two-dimensional substrata in
vitro correlates strongly with the morphology achieved by aggregates of these cells.
Spheroidal aggregates typically exhibit liver-specific functions while monolayered
aggregates exhibit characteristics of growth. In this thesis, the ability of a substratum to
influence the aggregation of dispersed hepatocytes and the ultimate morphology achieved
by these aggregates is examined.
Initial observations investigate the role of both biophysical and biochemical
substratum properties on hepatocyte aggregation and aggregate morphology through
systematic variation in both concentration and type of extracellular matrix. These results
suggest that both aggregation and morphogenesis of hepatocytes are largely dependent on
the biophysical features of the substratum. Subsequent investigations into the cellular
mechanisms responsible for hepatocyte aggregation indicate that these cells typically
aggregate after initiating contact with one another through cell membrane extension. In
several instances this contact was followed by a cellular contraction event, which had the
effect of pulling the cells towards one another.
This information leads to the formation of a hypothesis that hepatocyte aggregate
morphogenesis is due to the relative magnitudes of cell-substratum adhesion strength and
the force exerted during cellular contraction. When the contractile force is dominant,
spheroids result; when cell-substratum adhesion is dominant, monolayers result.
Quantification of cell substratum adhesion strengths on these different substrata confirm
that spheroids form at low cell-substratum adhesion strengths, monolayers at high cell-
substratum adhesion strengths. Comparison of these forces with literature values of cell
traction force generation by other cell types provides strong support for the proposed
hypothesis.
These results implicate the biophysical features of a substratum as important
parameters in hepatocyte aggregation and aggregate morphogenesis, and provide a rational
basis for the design of biomaterials and culture systems to be used in hepatic tissue
engineering applications.
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1.1 Introduction
1.1.1 Hepatic Tissue Engineering
The complex metabolic and secretory functions of the liver preclude artificial
replacement of its functions, as is done with kidney and various connective tissues.
Replacement of liver function requires the presence of viable liver cells. Organ transplant is
currently the only widely-practiced clinical treatment for liver failure and inborn genetic
defects. However, the profound lack of donor organs, the risk and expense involved in
surgery, and post-surgical morbidity have recently motivated many approaches to hepatic
tissue engineering to improve the clinical outcomes (130, 21, 144, 151, 72, 91, 38, 105,
107, 142, 44, 56).
A spectrum of clinical need exists -- from cirrhosis to hepatic failure induced by
acute toxicity -- and these are being addressed with targeted approaches ranging from
extracorporeal liver assist devices to cell transplantation. Primary cells cultured in
extracorporeal reactors hold promise for treating acute toxicity by providing temporary liver
assist while the patient's own liver recovers and are on the verge of clinical application (21,
151, 91, 44, 56, 58). A variety of cell transplantation methods for permanent replacement
of liver function are in the development stage. Approaches include injection of a small
complement of genetically-modified cells into the native liver for treatment of single-gene
metabolic disorders (130, 38, 142) and ectopic transplantation of cells attached to erodible
polymeric supports to generate completely functioning tissue for treatment of cirrhosis and
other chronic disorders (21, 144). Almost all of these approaches to hepatic tissue
engineering at some stage of the process use interactions of primary hepatocytes with solid
surfaces to affect cellular behaviors such as growth, differentiation, and formation of three
dimensional structures.
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1 Introduction and Background
1.1.2 Substratum Control of Hepatocyte Behavior
Because the interactions between hepatocytes and biomaterials are principally
mediated via endogenously added or cell-secreted extracellular matrix (ECM) proteins, it is
essential to understand the ways in which a matrix can affect hepatocyte behavior in order
to design surfaces and environments optimizing the desired response. The nature of
extracellular matrix control over cellular behavior (e.g., morphogenesis, gene expression)
is rather poorly understood, but a commonly held view is that a matrix exerts control over
cellular function primarily through mechanisms involving biochemical signaling (for
review, see ref. 57). While the biophysical properties of a matrix are given relatively little
consideration in this role (e.g., ref. 115), they have been shown to be capable of effecting a
variety of cell behavioral responses. Biophysical cell-matrix interactions have been shown
to strongly influence cell migration (34, 117, 73) and, through control of cell shape, such
functions as cell growth (31, 32, 35, 50, 85), differentiation (26, 12, 148, 77, 85), and
tissue pattern formation(54, 95).
The ability of a matrix to control hepatocyte growth or differentiation has
traditionally been attributed to the presence of specific molecules in the ECM. It was
observed that cells seeded on collagen gel substrata form monolayered aggregates (see Fig.
1-1) and exhibited high levels of DNA synthesis but low levels of liver-specific protein
secretion and gene expression (10, 115, 59, 102). In these same studies, hepatocytes
cultured on Matrigel (a basement membrane extract from the Engelbreth-Holm-Swarm
mouse tumor) were observed to form three-dimensional spherical aggregates ("spheroids" -
see Fig. 1-1) and exhibited relatively low levels ýf DNA synthesis but high levels of liver-
specific function.i: Based on these observations it was concluded that the differences in
hepatocyte behavior were attributable to matrix-specific differences in biochemical
signaling. Studies in which hepatocyte behavior was assessed on various rigid substrata
illustrate that spheroids (and monolayers) are capable of forming both on "physiological"
(e.g., proteoglycans, collagen) and "non-physiological" (e.g., uncoated polystyrene, poly
((hydroxyethyl) methacrylate) (poly-HEMA)) substrata (Table 1-1) (64, 97). Interestingly,
the levels of albumin secretion and DNA synthesis in these aggregates were found to
depend only on aggregate morphology (high albumin secretion, low DNA synthesis for
spheroids; low albumin, high DNA for monolayers) and showed no significant dependence
on the substrata to which the cells attached. These results suggest that aggregate
morphology alone is capable of dictating the differentiated state of hepatocytes in a manner
which is independent of biochemical signaling (25, 77, 152, 118, 150). Matrix control of
hepatocyte behavior on these substrata is therefore tied at least in part to the ability of a
matrix to stimulate (or permit) the formation of spheroids or monolayers.
It was observed during the course of these studies of hepatocyte culture on rigid
substrata that monolayers tended to form on what were commonly thought to be "adhesive"
surfaces (e.g., collagens, laminin), while spheroids seemed to form on the "abhesive"
substrata (e.g., poly-HEMA, bovine serum albumin) (64, 97). These observations
implicate the biophysical features of a substratum as potentially important contributors to
hepatocyte aggregate morphogenesis. However, no quantitative studies were performed to
verify this hypothesis. Furthermore, while it was found that conditions of low substratum
adhesiveness (or high deformability) were optimal for spheroid formation, no attempts
were made to determine the mechanistic bases for this behavior.
The studies performed during the course of this research serve to elucidate the
manner in which the biophysical features of a substratum can control hepatocellular
behavior via hepatocyte aggregation and subsequent aggregate morphogenesis. The results
provide rational and quantitative design criteria for biomaterials to be used in hepatic tissue
engineering applications.
1.2 Background
1.2.1 Cell-Matrix Interactions
The study of substratum influence over cellular behavior and the manipulation of
substratum properties to control this behavior forms the basis of this research. The
potential scope and magnitude of the resulting effects on hepatocellular behavior can be
delineated from what is already known of the fundamental molecular components involved
in cell-substratum interactions.
1.2.1.1 Cell-Surface Receptors
Cell-substratum interactions are mediated through trans-membrane receptors. Over
the last 10 years, tremendous progress has been made in the identification and
characterization of adhesion receptors. The primary receptors responsible for cell-
substratum interactions are known as integrins.
Integrins are trans-membrane heterodimers composed of noncovalently attached a
and 3 subunits (15, 48), each with a transmembrane domain and short cytoplasmic
sequence (Figure 1-2). Thirteen a and eight 0 subunits have been identified to date, which
combine to generate the 21 known integrins. These receptors are anchored to the
cytoskeleton via a series of intermediates(87). Integrins are involved in both cell-cell and
cell-substratum adhesion, but have primarily been known for binding to ligands in the
extracellular matrix. The ligand specificity of an integrin is determined by the particular ax
and 3 subunit combination (2). Integrins have been shown to bind weakly to ECM ligands
in soluble form, with dissociation constants (Kd's) ranging from 10-6 - 10 -7 M (74).
An obvious function of integrins and of cell-surface adhesion receptors in general is
to provide physical points of attachment between a cell and its environment. Basic
architectural principles dictate that mechanical loads are transmitted across physically
interconnected structures (51), and so the ability of cells, cell aggregates, or tissues to
remodel themselves and one another is largely dependent on the structural integrity of these
integrin linkages. Integrins provide additional biophysical signals to a cell by influencing
cytoskeletal architecture and organization, which may result in the activation of intracellular
signaling pathways (1, 51). However, it has been recognized that integrins can also play
an important role in directly providing biochemical signals to cells. Although current
knowledge of integrin-regulated signaling pathways is incomplete, it has been suggested
that integrins regulate cell functions via a small number of common mechanisms. Several
reports indicate that ligation of integrins can alter cellular patterns of tyrosine
phosphorylation, most prominently through a 125 kDa polypeptide known as focal
adhesion kinase (FAK) (60, 39, 68, 67, 112). Integrin binding can also increase
intracellular pH through activation of the Na+-H + antiporter (55, 116) and has been shown
to alter intracellular free Ca2+ concentration (90). In addition, increases in intracellular
phosphatidylinositol levels have been correlated with integrin binding (116). Each of these
events is capable of having a dramatic impact on cellular gene expression and behavior, and
so it is often concluded that ligation with specific ECM molecules in turn elicits certain
cellular responses. (for review see ref. 57).
1.2.1.2 Extracellular Matrix
The initiation of integrin activity, whether biochemical or biophysical, is dependent
on association with extracellular ligands. Since these studies are concerned with cell-
substratum interactions, the ligands of interest are found in the extracellular matrix. The
extracellular matrix is composed of macromolecules which are linked together via covalent
and non-covalent bonds into an insoluble and organized complex. Its major constituents
include collagenous molecules (types I-XII), glycoproteins (fibronectin, laminin, entactin,
nidogen, vitronectin, thrombospondin, chondronectin, osteonectin, fibrin), elastin,
proteoglycans (containing heparan sulfate, chondroitin sulfate, dermatan sulfate, or keratin
sulfate) and glycosaminoglycans (42, 69).
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A specialized ECM found at the basal domain of epithelial tissues is known as the
basement membrane. The basement membrane is a flat "two-dimensional" molecular
meshwork and provides mechanical support for resident cells, serves as a semipermeable
barrier between tissue compartments, and acts as a regulator for cellular attachment and
differentiation (114). In the liver, hepatocytes are found directly adjacent to the vascular,
or sinusoidal, endothelium. Although a fully formed basement membrane is not found in
the region between these cells (the space of Disse), a variety of ECM molecules have been
identified there. In the healthy adult liver, these include collagen types IV, V, and VI,
fibronectin, laminin, entactin, tenascin, and undulin (78). At least three proteoglycan
species are also present in the space of Disse, including heparan sulfate proteoglycan (78).
Martinez-Hernandez et al. (79) reported that during hepatic regeneration after partial
hepatectomy laminin expression in the space of Disse is dramatically increased, while the
amounts of collagen-IV and fibronectin stay relatively constant. This.-finding implicates
laminin as a key factor in the liver regeneration process.i In determining the matrices to be
used in these studies, it is logical to choose ECM molecules which are associated with
hepatocytes in vivo. Of these, the most prominent are collagen, laminin and fibronectin
(18, 135, 123, 28, 79, 78).
Collagens are a family of fibrous proteins found in all animals. They are usually
distinguishable by their stiff, triple-stranded helical structure. The polypeptide chains
making up the helix are called a chains, about 120 of which have been identified to date
(la). These a chains have been shown to form at least 12 different collagen molecules
(labeled types I-XII) (34a). Most of these types of collagen molecules (including type I
collagen) associate to form fibrils and fibers with the exception of type IV collagen, which
forms multi-layered two-dimensional lattices (1 a).
Fibronectin (MW=480 kDa) is a glycoprotein that is capable of attaching cells (via
trans-membrane receptors) to various basement membrane components (e.g., collagen,
heparan sulfate, fibrin) via a multitude of binding domains (47, 27). It is an asymmetric
molecule and consists of two similar or identical subunits of molecular weight on the order
of 200 kDa held together by disulfide bonding near their carboxy termini (49). One well
known domain of fibronectin responsible for cell binding has been identified as the
tripeptide arginine-glycine-aspartic acid (RGD) (108, 109). Fibronectin is produced by
both fibroblasts and epithelial cells, as well as many other cell types (62) and exists in three
forms: (1) a soluble dimeric form, plasma fibronectin; (2) oligomers transiently attached to
the surface of cells, known as cell-surface fibronectin; and (3) highly insoluble fibrils
formed in the ECM, or matrix fibronectin (la). It is the third of these forms, the matrix
fibronectin, that is of interest in our investigations into cell-matrix interactions.
Laminin, like fibronectin, is a glycoprotein. Laminin is a large complex (MW=-850
kDa) consisting of three long polypeptide chains arranged in the shape of a cross held
together by disulfide bonds. Like fibronectin, it contains a number of functional domains:
one to bind collagen type IV, one for integrins, etc. (la).
Matrigel is a fourth type of matrix used in these studies and is included due to its
ability to support hepatocyte differentiati...an. its similarity to native hepatic basement
membrane. Matrigel consists of a variety of components, many of which are unknown or
present in unknown quantities. Matrigel is a solubilized basement membrane extract taken
from the Engelbreth-Holm-Swarm (EHS) mouse sarcoma. Its major components are
laminin and collagen IV (MW=540 kDa), along with lesser amounts of heparan sulfate
proteoglycans, entactin, and nidogen. Grant et al. (36) reported a molar ratio of laminin,
collagen IV and heparan sulfate proteoglycan in the EHS sarcoma as 1:1:0.2. Matrigel also
contains soluble factors in its native form, including transforming growth factor-beta,
fibroblast growth factor, tissue plasminogen activator, and other growth factors that are
present in the EHS tumor.
1.2.1.3 Hepatocyte-Substratum Interactions
Hepatocytes have been shown to utilize at least two different integrins in attaching
to the ECM but can also associate with these ligands via non-integrin receptors. The
known hepatocyte substratum receptors are summarized in Table 1-2. It is evident from
inspection of this table that by changing the ligands present in the ECM presented to the
cells, the receptors used by hepatocytes for substratum attachment can also be varied. This
provides a systematic means by which variances in biochemical signaling can be taken into
account.
1.2.2 Cell-Cell Interactions and Aggregation
While cell-ECM interactions are likely to be key determinants of hepatocyte
behavior in these studies, it is also crucial to understand the role that cell-cell interactions
may play in these studies. Hepatocytes, like a number of other cell types currently under
investigation for tissue regeneration in organs such as skin, cornea, and intestine, are
epithelial cells. Epithelial cell types exist naturally in sheets or aggregates and have been
shown to reform such structures when dispersed in vitro (71, 9, 80, 97). The induction of
cell-cell contact has been shown to be a critical event in the subsequent polarization and
morphogenesis of these cells into functioning tissues (106). Hepatocytes in spheroidal
aggregates appear to mimic the morphology, architecture and ultrastructure of an in vivo
liver lobule(10, 5, 152, 150), which may contribute to the ability of these cells to
differentiate and exhibit liver-specific function (84).
Epithelial tissue typically exists in a polarized state with two distinct domains --
apical and basolateral -- each specialized for particular functions. A primary purpose of the
epithelial junctional complex is then to maintain a "barrier" between these domains as well
as well as the integrity of the epithelial sheet. The components of the epithelial junctional
complex normally include tight (occludens) junctions, adherens junctions (also known as
belt desmosomes, zonula adherens, or intermediate junctions) and desmosomes(29)
(Figure 1-3). Tight junctions serve as a barrier between the apical and basolateral domains
of epithelial cells in vivo. Desmosomes are button-like points of intercellular contact that
also serve to anchor for the intermediate filaments of the cytoskeleton. Adherens junctions
consist of cytoskeletal F-actin "adhesion belts" which are connected with adhesion belts
from adjacent cells via cell-cell receptors. The primary receptors involved in adherens
junctions are the cadherins (most notably E-cadherin, or uvomorulin), which are calcium
dependent homophilic receptors (134). They appear to be vital for the induction and
regulation of intercellular adhesions and the subsequent initiation of organizational events
during development; adult tissues may also depend on cadherins to maintain epithelial
polarity (88, 106, 147).
The architecture of the hepatic parenchyma is somewhat unique when compared
with that of standard epithelia, as hepatocytes typically exhibit three distinct domains in
their polarized state. The apical domain forms a bile canalicular network; bile is produced
by hepatocytes and transported through this network to the bile ducts. Epithelial-type
junctions form on the lateral domain. The basal, or sinusoidal, domain is adjacent to a
layer of endothelial cells, Kupffer cells, and fat cells. These cells line the sinusoids, which
provide blood flow from the portal vein and hepatic artery to the hepatocytes and then on to
the central vein.
In order for hepatocytes to achieve an architecture reminiscent of these structures, it
is clearly necessary for these cells to first aggregate and form stable cell-cell adhesions. In
vitro, the degree of aggregation has been shown to have profound effects on hepatocellular
behavior (9). Cultures in which hepatocytes aggregate were shown to maintain
concentrations of functional parameters which were an average of 2-fold or more higher
than those in single-cell hepatocyte cultures seeded onto identical substrata at the same
inoculation densities (96, 97). Cadherins begin to cluster and connect as epithelial cells
approach one another and touch, and discrete adherens junctions characterized by
cytoplasmic plaques and associated cytoskeletal fibers are evident within 20 seconds of
cell-cell contact (63). These observations suggest that the rate-limiting step in the formation
of stable cell-cell junctional complexes is the occurrence of cell-cell contact.
Cell aggregation is clearly an important event in the regeneration of epithelial tissue.
However, it is evident from the studies described here that, on two-dimensional substrata,
it is the subsequent morphology assumed by hepatocyte aggregates which ultimately
dictates their ability to assume liver-specific activity.
1.2.3 Morphogenesis
The ability of dispersed cells to re-form native tissue structures, first observed
during studies of normal development and regeneration (149), should also be appreciated
as a crucial phenomenon in many current approaches to tissue engineering. Currently, the
mechanisms which guide hepatocyte morphogenesis are quite poorly understood;
delineation of these mechanisms is critical to understanding the nature of substratum control
over this process.
Evolution of morphology in multi-cellular structures has long been of interest in the
study of normal and pathological development. The demonstration by Townes and
Holtfreter that the dissociated cells of vertebrate embryonic organs would not only re-
aggregate but also reorganize in an appropriate manner (139) spawned enormous interest in
the intrinsic cellular morphogenetic clues and the mechanisms by which this process is
governed. It is generally agreed upon by developmental biologists that relatively few
mechanisms are required to generate tissue organization, even if it is not known exactly
how they lead to the formation of most structures. A variety of mechanisms have been
studied in terms of their contribution to various aspects of morphogenesis including
directed cell movement, cytoskeletal contraction, cell proliferation, differences in cell
adhesion, and contact guidance (7). Townes and Holtfreter concluded from their initial
studies that directed cell movements were responsible for cell sorting. It was later
demonstrated by Steinberg that directed cell movements in fact played no role in the
observed phenomena and that differences in the intensity of cell adhesions alone could
direct the sorting-out of intermixed embryonic cells, the spreading of one tissue over the
surface of another, and the specific inside/outside tissue stratification that arises by either
process (126, 127). An important implication of Steinberg's analysis is that different
molecular arrangements could lead to identical outcomes, provided that they allowed -
comparable adhesion forces to be generated.) A similar type of analysis was performed by
Oster et al., who developed a mathematical model capable of accurately predicting complex
morphogenetic pattern formation based solely on biophysical parameters(95). It is certainly
feasible for mechanical forces to coordinate shape changes in large cellular aggregates
without the assistance of chemical signaling as it has been shown that forces generated by
cell shape changes at one position in an epithelial sheet were equilibrated over the entire
structure virtually instantly (92).
Thus, while epithelial morphogenesis is a complex process involving numerous
signals and guidance clues which can be either chemical or physical in nature the
fundamental mechanisms which are responsible for this process are very possibly
biophysical in nature. Biophysical principles have been shown to govern a number of
other cellular phenomena. For example, it has been shown that cell migration depends on
cell-substratum adhesivity in a biphasic manner (23). This behavior was effectively
modeled based on the relative magnitudes of cell-substratum adhesion strength and cell-
generated contractile forces (22). Cellular contractile force has been hypothesized to play a
key role in the morphogenesis of liver tissue (122), and its role in the morphogenesis of
hepatocytes in vitro must also be considered in this analysis.
But regardless of what the specific mechanisms responsible for hepatocyte
morphogenesis are determined to be (e.g., cellular contraction, cell-cell adhesion) it is clear
that cell-substratum adhesion strength may play an important role in this process. The
experimental design for this thesis, outlined in the following section, describes the analyses
to be performed and illustrates the key issues which must be addressed to delineate the role
of these biophysical phenomena in hepatocyte aggregation and aggregate morphogenesis
1.3 Experimental Design
The studies performed in the course of this research were designed to consider both
the biophysical and biochemical features of a substratum, allowing for an assessment of the
relative abilities of each of these to control hepatocyte aggregation and aggregate
morphogenesis. These investigations have been designed to allow for observations of
these cellular parameters while (1) systematically varying the cell-substratum adhesion
strength, and (2) doing so on different extracellular matrices which potentially deliver
diverse biochemical signals to the cells.
Variation in cell-substratum adhesion strength can be accomplished by adsorbing
different concentrations of an ECM to the substratumn (140, 23). Since the type of cell-
surface receptors mediating attachment to these different ECM densities remains
unchanged, the effects of variation in biophysical substratum properties can be examined
under conditions which activate similar biochemical signaling pathways. By performing a
similar analysis on different ECM types, the specific receptors recruited for substratum
attachment can be varied (see Table 1-2). This allows for variation in the specific
biochemical signal transduction properties of a substratum (132, 43, 133, 136, 57), which
can then be studied while holding cell-substratum adhesion strength relatively constant.
The ECM molecules used in these studies are fibronectin, type I collagen, laminin,
or Matrigel coated at concentrations between 0.01 Jtg/cm 2 - 10 Jtg/cm 2. The most
comprehensive studies were conducted with Matrigel, which has traditionally been
associated with the ability to impart biochemical signals to cells and to promote the
formation of differentiated spheroidal hepatocyte aggregates in vitro (10, 115, 59, 102,
30). By demonstrating that Matrigel, through variation in its biophysical properties, can
support not only spheroidal aggregation but also monolayered aggregation, the importance
of biophysical phenomena in hepatocyte aggregate morphogenesis can be effectively
demonstrated.
A more detailed analysis follows in which it is shown that cell membrane extension
is the primary cellular mechanism by which hepatocytes aggregate. Observations of
cellular behavior indicate that a cell contraction event typically follows initial cell-cell
contact. Arising from this analysis is a hypothesis that the relative magnitude of cell
traction forces vs. cell substratum adhesion strengths controls the morphogenesis of
hepatocyte aggregates: monolayers form when cell-substratum adhesion forces are larger
than cell contraction forces, spheroids result when the reverse is true. The remainder of the
thesis involves quantitative analysis and verification of this hypothesis.
Cell-substratum adhesion forces are quantified on the substrata on which
morphogenesis was initially observed. Hepatocyte aggregate morphology essentialy
shows a binary relationship with measured values of cell-substratum adhesion strength:
spheroids form on relatively poorly adhesive substrata while monolayers form on highly
adhesive substrata. When compared with standard literature values of cell traction force
generation, these data provide strong support for the hypothesis and implicate the
biophysical features of a substratum as primary determinants of hepatocyte aggregate
morphology.
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substratum
coated with:
U
HEMA
nositive
polystyrene dish:
hvdrouhobic ne2ative
BSA
PG
GP
Table 1-1. The morphology of hepatocyte aggregates on various rigid
substrata. Morphology was assessed on day 4. Spheroids (S) and monolayers
(M) were observed to form on positively charged, hydrophobic and negatively
charged polystyrene petri dishes which were either uncoated (U) or coated with
one of the following: poly ((hydroxyethyl) methacrylate) (HEMA), bovine
serum albumin (BSA), proteoglycans isolated from rat reticulin fibers (PG),
glycoproteins (fibronectin or laminin) (GP), or collagens (type I or type IV) (C).
Results are from references 64 and 97.
Bindin SU r
FN RGD 125, 101
AGpllO
(non-integrin glycoprotein)
Dipeptidyl Peptidase IV
(non-int. glycop.)
CI ca131
CIV al•x1
LM ap1 ,1
38, 45, 80 kDa
32, 45, 67, 80 kDa
36, 38, 80 kDa
??(not RGD)
??(not RGD)
??(not RGD)
??(not RGD)
RGD
IKVAV
YIGSR
HSP 38 kDa
Table 1-2. Hepatocyte cell-surface receptors. The known receptors utilized in
hepatocyte binding to fibronectin (FN), type I collagen (CI), type IV collagen(CIV), laminin (LM), and heparan sulfate proteoglycan (HSP) along with the
ligand amino acid sequences (if known) recognized by these receptors.
124
120
33
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19
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Figure 1-2. Schematic diag
2
Figure 1-3. Schematic diagram of the typical epithelial junctional complex, illustrating
tight junctions (TJ), adherens junctions (AJ) and desmosomes (D).
2 Materials and Methods
2.1 Cell Isolation and Culture
Hepatocytes were isolated from 180-250g male Fisher rats. The liver was perfused
in the retrograde direction first with Ca2+-free perfusion buffer (143 mM NaCl, 7 mM
KCI, 10 mM HEPES, pH 7.4) for 6 minutes and subsequently with the same perfusion
buffer containing 5 mM CaC12 and 0.5 mg/ml collagenase D (Boehringer-Mannheim
Biochemicals; Indianapolis, IN) until the liver became soft. Cells were dispersed in
chemically-defined serum-free Williams' E medium (GIBCO Laboratories; Grand Island,
NY) with 10 ng/ml epidermal growth factor (Collaborative Biomedical Products; Bedford,
MA), 20 mU/ml insulin (Gibco Laboratories), 5 nM dexamethasone (Sigma Chemicals; St.
Louis, MO), 20 mM pyruvate (GIBCO Laboratories), and 100 U/ml penicillin-
streptomycin (GIBCO Laboratories). This medium will be referred to as "complete
medium". Dead cells and debris were removed by centrifugation in an isodensity Percoll
solution and the resulting pellet was washed three times with the complete medium. Cell
viability prior to cell seeding was 80-95% as determined by trypan blue exclusion.
Cells were seeded in complete medium at densities of 4,000, 6,000, 8,000,
15,000, 30,000 or 45,000 viable cells/cm 2 culture surface area. An even seeding density
was obtained by seeding the cells over as much of the dish surface as possible followed by
rocking the dish several times. Following an attachment period of 18 to 24 hours the
medium was changed to remove unattached cells, after which the cells were maintained in
complete medium with daily medium changes.
2.2 Preparation of ECM substrata
2.2.1 Standard Substratum Preparation
Most surfaces were prepared using 35mm bacteriological polystyrene petri dishes
(Falcon no. 1008). The undersides of dishes used in aggregation and morphology assays
were scored in 5 different areas using a diamond stylus. All ECM components, including
Matrigel, were coated onto polystyrene via adsorption from buffered solution. (Matrigel
was not used in the common gel form.) Matrigel (Collaborative Biomedical Products),
laminin (Collaborative Biomedical Products), fibronectin (Sigma Chemicals), or collagen I
(Celtrix; Santa Clara, CA) aliquots were thawed at 4°C overnight and diluted in sterile
phosphate buffered saline (PBS) pH 7.4 to the highest desired concentrations of material.
Lower concentrations were obtained via serial dilution. Solution concentrations used
corresponded to surface densities of 0.001 gtg/cm 2 , 0.01 jtg/cm 2, 0.1 jtg/cm2, 1 jtg/cm 2,
and (for Matrigel only) 10 jgg/cm 2 ; these are calculated concentrations based on the
assumption that essentially all ECM proteins present in solution adsorbed to the surface.
Dishes were coated with 2 ml ECM solution and incubated for 70-80 minutes at room
temperature. After the ECM solution was aspirated, the dishes were exposed to 1.5 ml of a
1 wt.% BSA in PBS solution for 45 minutes at room temperature to block non-specific cell
adhesion. The dishes were then washed twice with PBS before medium was added and
stored at 4'C. Cells were seeded onto surfaces within 24 hours of ECM coating.
2.2.2 Adhesion Assay Substratum Preparation
Surfaces to be used in the cell-substratum adhesion assays were prepared by cutting
rectangular (approx. 75mm x 25mm) pieces ("slides") from the culture surfaces of sterile
100mm polystyrene petri dishes (VWR Scientific; Boston, MA). These slides were then
transferred to intact 100mm dishes and coated with Matrigel in the same manner as
described above. Solution concentrations were adjusted based on the surface area of the
petri dish to correspond with surface densities of 0.01 gg/cm2, 0.1 gg/cm2 and Igg/cm2
Matrigel.
Cells were seeded onto these petri dishes at densities of 3,000 - 6,000 cells/cm 2 for
1 gg/cm 2 dishes and 6,000 - 9,000 cells/cm 2 for 0.1 and 0.01 gg/cm2 dishes. These
seeding densities allowed for the analysis of a cell population that consisted primarily of
single cells. In order to obtain an even seeding density, cells were seeded along the entire
length of the slide, after which the dish was rocked back and forth several times.
2.3 Characterization of Substrata
Matrigel is a complex mixture of several proteins, and thus standard methods of
measuring protein adsorption are technically challenging. Any method of labeling (e.g.,
1251) may selectively label individual components, which may then selectively adsorb. The
same issues are encountered using fluorometric assays of protein left in solution after
adsorption. One could potentially use antibody probes for the relevant binding sites, but at
such low protein concentrations, obtaining unambiguous data requires enormous effort
which is not really warranted for the particular points addressed in this study.
The total amount of protein adsorbed at each of the nominal concentrations used in
these studies (1 gg/cm2, 0.1 tg/cm2, 0.01 jig/cm 2) was assessed by measuring the total
nitrogen content as determined by X-ray photoelectron spectroscopy (XPS). This allows
for analysis of the relative amounts of adsorbed protein on each substratum.
Matrigel was allowed to adsorb to polystyrene surfaces as described above, after which the
surfaces were rinsed four times with PBS. Three samples from each substratum were
examined, with ten nitrogen scans and twenty sulfur scans (spot 600gm, resolution 4,
window 20 eV, floodgun 5 eV) performed on each sample. An SSX-100 X-ray
photoelectron spectrometer (Surface Sciences, Inc.) with a monochromatized Al Ku X-ray
source was used for XPS measurements (analyzing the top ca. 50 A of the surface). Scans
were peak fitted using software provided with the instrument. The lower detection limit for
the spectrometer is approximately 500. The intensities of the nitrogen scans (mean ± SD)
for each nominal protein concentration were: 9150±923 (1 gg/cm2 ), 1967±286 (0.1
gLg/cm 2 ), <500 (0.01 gg/cm2). The nitrogen level for 0.01 ýlg/cm 2 is below the sensitivity
range. Independent calibration to relate scan intensities to adsorbed amount was not
performed during these studies since the intent of this analysis is simply to assess
differences in the amount of material on the surface. Allgor correlated XPS nitrogen
intensities with adsorbed protein and found 0.1 ig/cm2 = 6000 counts, 0.05 jig/cm 2
3500 counts, and 0.02 jLg/cm 2 = 1500 counts (3). Our surfaces thus have - 0.2, 0.02, and
< 0.007 gLg/cm 2. This correlates to approximate molecular densities (assuming that
Matrigel consists primarily of laminin) of = 10", 1010, and < 5x10 9 molecules/cm2 . Sulfur
scans gave readings which were below the machine sensitivity except at the highest
nominal concentration. Thus, the concentration of protein on the surface indeed varies in
approximately the expected fashion. Throughout the text, substrata are referred to
according to their nominal protein concentrations. The possibility of using N:S ratios to try
to assess the relative constancy of molecular composition was also examined, but the
amount of adsorbed material is below the sensitivity of the sulfur detection at the two
lowest adsorbed amounts.
Other protein assays were also utilized in attempting to measure the concentration of
adsorbed protein. These are summarized in Appendix A.
2.4 Videomicroscopy and Computer-Based Image Processing
Long-term microscopic observation was accomplished with a Zeiss Axiovert 100
inverted microscope (Carl Zeiss; Germany) equipped with a 10X objective lens. An
incubated petri dish holder (Ludl Electronic Products, Ltd.; Hawthorne, NY) on the stage
allows long-term culture under microscopic observation. This incubated stage provides a
37°C environment by circulation of water from a constant temperature bath through the
stage. Culture medium temperature was read at the conclusion of each experiment to verify
that the 37TC temperature was maintained. Compressed air from laboratory fixtures was
mixed with CO2 and flowed continuously through the incubated chamber to maintain a
culture medium pH of 7.4 as determined by pH paper. This air/C02 mixture was heated
and humidified immediately prior to introduction into the chamber by bubbling through
warm (approx. 50'C) distilled water. This eliminated evaporation of culture medium for up
to 12 hrs. (the maximum duration of exposure to the incubated stage environment) as
determined by measurement of medium volume.
Cell motility behavior was assessed by recording cells incubated in the above
chamber with a Panasonic AG6720A time lapse VCR (Research Precision Instruments;
Wayland, MA) at 1/240 real time. The 10x objective lens was used in these analyses and a
Hitachi KP-M1U CCD videocamera (Research Precision Instruments; Wayland, MA)
provided an additional magnification of 25x, providing a field of view encompassing an
area of 0.5 mm 2 .
Digital image processing was used to acquire images for morphological analysis,
for generating cell number and area data in the adhesion assays, and acquisition of data on
cell aggregation and surface coverage. Images were acquired through a Hitachi KP-M1U
CCD videocamera and a phase contrast inverted microscope. All images have 320 x 240
pixel areas. For assessment of multicellular aggregate morphology, a Nikon Diaphot
microscope with a 4X objective (Research Precision Instruments) was used, allowing for a
field of view (after magnification by the camera) of 3.1 mm 2. NIH Image (version 1.49)
was also used to arrange digitized images in montage. Quantitative analysis (i.e., adhesion
images and analysis of cell areas) were processed from a Zeiss Axiovert 100 microscope
with a 10X objective, which gives a 0.5 mm2 field of view. The limit of resolution
provided by this objective is less than 1% of the calculated cell areas. The image
processing software is Macintosh-based and was developed by Engineering Technology
Center (Mystic, CT) from a programming environment of LabVIEW (National Instruments;
Austin, TX) and Concept Vi (Graftek Imaging; Mystic, CT). The software is set up to
analyze and process images from the Zeiss Axiovert 100 microscope and was used with a
10X objective. The system is capable of identifying cells and cell boundaries by subjecting
the image to a sequence of two-tailed thresholding, dilation, hole filling, erosion, and low
pass filtering. The fundamental image unit recognized is termed a "track," and refers to any
material within a single boundary, whether it is a single cell or a group of contiguous cells.
For example, a field containing 2 single cells, an aggregate of two cells, and an aggregate
of 5 cells would be scored as having 4 tracks (and subsequent steps allow this image to be
further parsed into the number of cells). After the image processing steps, several
parameters are measured in each observed field, including the number of tracks, location of
each track centroid, and the area occupied by each track. Characteristic single-cell sizes can
be chosen based on the spreading areas of analyzed cells for use in determining the number
of cells in each track.
The image processing software is capable of microscope stage motion control,
which was used in cell surface coverage and cell-substratum adhesion measurements.. The
software allows for up to 24 separate fields to be selected and analyzed. A Ludl 99S008
motorized microscope stage (Ludl Electronic Products; Hawthorne, NY) was mounted on
the Zeiss microscope and interfaced with the software via a nuDrive amplifier (nuLogic
Inc.; Needham, MA).
2.5 Cell Aggregation
Aggregation of hepatocytes on the different surfaces was measured by capturing
and analyzing digitized images of all pre-scored areas once per day from days 1 through 4.
"Macroscopic" aggregation was considered to have occurred when either spheroidal
(spherical or hemispherical shaped multicellular units) or trabecular (well spread,
interconnected monolayers) type aggregates (Figure 2-2) formed from the coupling of cells
or groups of cells. Only aggregates that formed during the time frame of day 1-4 were
counted as undergoing macroscopic aggregation, i.e., cells that were either seeded as
aggregates or that aggregated due to cell spreading between day 0 and day 1 were not
considered to have undergone macroscopic aggregation. Detached, floating cells were
occasionally observed floating in the medium, but these were primarily non-viable, and so
did not contribute to aggregation. Data are reported as the fraction of the total number of
fields observed that exhibited this macroscopic aggregation. These measurements were
made for surfaces coated with Matrigel, laminin, and fibronectin at solution concentrations
corresponding to surface densities of 0.001 jig/cm2, 0.01 gLg/cm 2, 0.1 gLg/cm 2, I jIg/cm 2,
and (for Matrigel only) 10 jtg/cm 2 . For each condition, samples from three or four separate
cell isolations were examined, with six to ten fields examined in each sample.
2.6 Surface Coverage
The determination of fractional cell surface coverage areas was accomplished by
summing the track areas (I track areas = I single cell areas + I cell aggregate areas)
present in the observed fields and then dividing this value by the field of view area (0.5
mm2). Each petri dish was analyzed in this manner at 5 randomly selected areas, and for
each given set of conditions (inoculation density, ECM concentration) this procedure was
duplicated, providing for 10 data points. These were subsequently averaged to obtain a
representative fractional surface coverage. All fractional surface coverage data were
obtained on day 1 after cell seeding. This time point was chosen because most cells have
attached and spread, but in general have not yet undergone large scale aggregation and
morphogenesis. In addition, since the aggregation analysis begins at this time point, it is
the most relevant in determining a propensity of these cells to aggregate.
2.7 Morphological Analysis
Aggregates were defined as having spheroidal morphology (spherical or
hemispherical shaped multicellular units) or monolayered morphology (spread, flattened
interconnected cells, or clumps of cells that fail to retract) (Figure 2-2). In some cases
spheroids had not formed by day 4, but there appeared to be a darkening and retraction of
specific areas of an aggregate characteristic of early spheroid development (Figure 2-2).
Since these aggregates exhibited three-dimensional spheroidal-type cellular morphologies in
some areas but could not be scored as spheroidal aggregates, they were defined as pre-
spheroids. Measurements were made for surfaces coated with Matrigel at nominal surface
densities of 0.01 [tg/cm 2, 0.1 ý1g/cm 2 and 1 gýg/cm 2. For each condition, samples from
approximately six separate cell isolations were examined. Ten separate fields per Matrigel
surface density were inspected from each isolation, and morphologies were assigned only
in those fields in which aggregates were observed to occur (i.e., fields exhibiting only
single cells could not be scored). Assignment of a characteristic morphology was based on
the morphology of aggregates on day 4. While monolayers and spheroids never appeared
together in the same field, pre-spheroids were observed with both monolayers and
spheroids. Since almost all nascent aggregates exist as monolayers (i.e., all cells initially
attached to both surface and other cells), and since pre-spheroids are generally observed
prior to spheroid formation, we score these "mixed" fields as having the morphologies of
the more chronologically advanced type of aggregate. Therefore, fields with both
spheroids and pre-spheroids were scored as spheroidal aggregation, while fields with pre-
spheroids and monolayers were scored as pre-spheroids.
2.8 Cell Motility
Analysis of cell migration and membrane extension was accomplished using time-
lapse videotape analysis. Dishes were observed consecutively during days 1-4 after cell
seeding at 12 hour intervals. This time interval was found to be sufficiently long enough to
observe occurrences of hepatocyte migration. At the conclusion of each experiment, the
entire videotape was reviewed and scored for the occurrence of classical single-cell
locomotion and/or active membrane extension, for solitary cells as well as cell aggregates.
All measurements were made for surfaces coated with Matrigel, laminin, and fibronectin at
solution concentrations corresponding to surface densities of 0.001 gLg/cm 2 , 0.01 gLg/cm 2 ,
0.1 jLg/cm 2, 1 jig/cm 2 , and (for Matrigel only) 10 jig/cm2 . Results for cells on Matrigel
samples were obtained from 11 separate cell isolations. Although not all protein
concentrations were used as substrata for each isolation, data from between 7 and 10
isolations were obtained on each of these concentrations. Results for cells on fibronectin
and laminin represent a combination of 4 separate isolations each, with all protein
concentrations used as substrata for each isolation. From a given isolation, 5 to 20 cells or
cell groups were typically tracked at each concentration.
2.8.1 Cell Locomotion
Classical single-cell locomotion was defined to occur when a cell centroid
translocated at least one body length in any direction without contacting another cell over
the 12-hour time period observed. Importantly, cells were seeded at low enough surface
concentrations so that most cells observed had sufficient free space surrounding them to
allow them to meet this criterion if their migratory behavior was sufficiently substantial.
Cells that moved at least one body length only after making contact with other cells (i.e.,
"coupling") were not considered to be exhibiting classical single-cell locomotion but rather
an aggregation phenomenon.
2.8.2 Membrane Extension
Membrane extension was defined by the presence of either filopodial or
lamellipodial extensions. Long, thin (usually <15 micron width), finger-like projections
that extended at least one body length from the edge of the cell were scored as filopodia.
Short (i.e., extending less than one body length), broad (usually at least 1/2 cell diameter)
extensions were considered to be lamellipodia. Lamellipodia were further categorized as
being circumferential (active around the entire cell periphery) or polarized (active at 1, 2 or
3 discrete areas of the membrane). Data generated from the 2-hour and 12-hour
observation time periods were indistinguishable, and so were combined.
2.9 Cell-Substratum Adhesion Assay
2.9.1 Design
Cell-substratum adhesion strength was measured by shear flow detachment of cells.
With this method a well-defined laminar flow is applied to a surface causing a fraction of
adherent cells to detach. The surface shear stress present from such a flow acts as a
distractive force to these cells, causing them to detach only when the cell-substratum
attachment force is exceeded. By obtaining a relationship between shear stress and cell
detachment, we can obtain measurements for relative and (with further analysis and
assumptions) absolute values of cell-substratum adhesion strength.
The design of the shear flow detachment chamber used in these studies was based
on that of Usami et al. (143), and is shown schematically in Figure 2-3. It induces Hele-
Shaw flow patterns in the chamber, which provide for a surface shear stress that varies
linearly along the centerline of the flow field according to the formula: 6Q(1 -),
h2w L
where rw is surface shear stress, pt is fluid viscosity, Q is flowrate, h is channel height
(spacing), w, is the width at the beginning (origin) of the flow field, z is the distance from
the origin along the centerline, and L is the length of the flow field (origin to outlet) along
the centerline. The chamber was machined from 1/4" lexan and the gasket cut to the proper
shape from a uniform 260 gm Teflon sheet. Two-sided Scotch tape (3M; Product # 665)
was cut in this shape to attach the gasket to the chamber. Subtracting a 350 gtm entrance
length, the dimensions of the chamber are w1=1.35 mm, L=5.65 cm, and h=365 gm.
Flowrate, Q, is controlled by changing the height of a constant head tank. The tank outlet
is equipped with a stopcock to turn flow on and off. PBS (pH 7.4) with Ca2+ and Mg2+
was the fluid used in these experiments and was maintained at 37'C by immersing the
constant head tank in a water bath. In some cases increased fluid viscosity was desired (to
increase the shear stress), and so 1.5 wt.% high molecular wt. dextran (SIGMA Chemical
Co.; Product # D-1037) was added to the PBS which doubled the viscosity (from 0.6 cp to
1.3 cp) as measured at 37'C by a Brookfield model DV-II digital viscometer (Brookfield
Engineering Laboratories, Inc.; Stoughton, MA).
2.9.2 Operation
Slide substrata are prepared as described in section 2.2.2. Immediately prior to the
introduction of the cell-coated slide to the chamber, a positive meniscus of PBS is allowed
to form in the flow area (i.e., the area outlined by the gasket). Cell medium is aspirated
from the petri dish containing the slide to be assayed, after which the slide is removed with
forceps. The slide is placed on the top of the chamber (cells facing the gasket), which
causes the meniscus to flatten and spread. Introduction of the slide in the chamber in this
manner minimizes the formation of bubbles in the device. The excess fluid is then wiped
from the top and sides of the slide, after which the slide is sandwiched between the top of
the chamber and a glass microscope slide to provides rigidity. Two parallel bar clamps are
applied to the apparatus perpendicular to the direction of flow (one near the inlet to the flow
field, one near the outlet) to ensure the formation of a tight seal and to prevent movement of
the slides. The entire assembly process takes approximately 2 minutes. PBS is then
slowly (<iml/min.) perfused through the chamber to remove dead cells and residual debris.
Within 5 minutes of exposure to this slow flow, the number of tracks is counted in each of
20 fields. Cell areas and total number of cells are determined as described above. The
fields are spaced at 2.5 mm intervals along the centerline and are counted using the image
processing system and microscope stage motion control described above. Shear flow is
then initiated by opening the stopcock. Flowrates are measured with a stopwatch and a
graduated cylinder, which collects the PBS exiting the chamber. After the cells are exposed
to the flow for 2 min., the stopcock is closed. A 2 min. exposure time was chosen based
on previous observations of cell detachment during exposure to shear flow for up to 30
min. Nearly all those cells that detached did so within 2 min. of exposure to flow. Final
track counts are then taken at each of the positions initially analyzed.
During the time to which cells are exposed to PBS in the course of an adhesion
experiment (less than 10 minutes), no significant changes in cell morphology were
observed to occur. Experiments in which cells are cultured in both PBS and complete
medium indicate that the initial spreading behavior is also not altered by exposure to PBS
(155). In addition, our previous attempts to detach hepatocytes from Matrigel substrata by
incubating the cells overnight in calcium free PBS with EDTA resulted in neither cell
detachment nor alteration of morphology. These results suggest that the adhesive behavior
of hepatocytes after 10 minutes of exposure to PBS is indistinguishable from the behavior
of these cells in complete medium.
Figure 2-1. Morphological classification of hepatocyte aggregates in vitro. Photographs
were taken of hepatocyte aggregation during a 4-day period on Matrigel substrata: top left --
spheroids (0.01 gg/cm 2 ); top right -- spheroids (0.1 gg/cm2); middle left -- spheroids/pre-
spheroids (0.1 gg/cm 2); middle right -- monolayers/pre-spheroids (0.1 jgg/cm 2); bottom left
-- cell clumps (1 jgg/cm2); bottom right -- monolayers (1 jig/cm 2).
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3 Effects of Variation in Substratum Properties on
Hepatocyte Aggregation and Aggregate Morphogenesis
3.1 Introduction
The aggregation of primary hepatocytes has been observed on a variety of surfaces
comprised of different architectures and/or molecular compositions (71, 65, 64, 111, 96,
97). It has been demonstrated on these substrata that the extent of aggregation (96) as well
as the resulting aggregate morphology (71, 65) play an important role in determining the
ultimate behavior of these cells. Both of these parameters were observed to depend on the
particular substratum onto which the hepatocytes were initially seeded. It is highly
desirable, then, to achieve an understanding of how a surface can control these
"macroscopic" parameters in order to predictably manipulate cell behavior.
The substratum presents both biophysical and biochemical signals to the cells
through interactions with adhesion receptors. The objective of this work is to delineate the
roles each of these play in cellular response. This can be accomplished through systematic
variation of these signals. In terms of biochemical signals, it has been demonstrated that
hepatocytes attach to different extracellular matrix components (e.g., laminin, fibronectin,
collagens, heparan sulfate proteoglycan, etc.) through different sets of receptors (Table 1-
2). Exposure of hepatocytes to each of these different matrices individually while
biophysical substratum properties are held approximately constant can then facilitate the
analysis of the effects of biochemical signaling on cellular behavior. From a biophysical
perspective, changing the concentration of each of these same matrix molecules will in turn
influence the number of receptor-ligand interactions. This presumably alters the strength of
adhesion between cell and substratum, thereby altering the biophysical nature of cell-
substratum interactions.
The results described in this chapter suggest that substratum effects are largely
biophysical in nature. This finding provides a fundamental basis for the detailed
mechanistic analyses performed in subsequent chapters.
3.2 Results
Hepatocyte aggregation and aggregate morphogenesis were observed on ECM-
coated substrata. Photographs were taken of pre-scored fields using a 4X objective at
various time intervals (typically every 24 hours) from days 1 to 4 after seeding. From
these pictures, the extent of aggregation and resulting morphology were determined as
described in chapter 2. In addition, the level of cell surface coverage for each set of
conditions (i.e., matrix type, concentration, seeding density, perfusion date) was
determined by averaging the cell coverage fractions of 10 separate fields as measured by
image analysis.
3.2.1 Dependence of Hepatocyte Aggregation on Extracellular Matrix Type
and Concentration
The macroscopic aggregation of hepatocytes on polystyrene petri dishes coated with
Matrigel, laminin, or fibronectin was investigated. Aggregation was quantified by
examining pre-scored areas on each petri dish for the occurrence of macroscopic
aggregation from day 1 to day 4, as described in chapter 2. The fraction of fields examined
that exhibited macroscopic aggregation was determined over the range of coating
concentrations of Matrigel, laminin, and fibronectin for hepatocytes initially seeded at
identical inoculation densities (4000 cells/cm2 ). The resulting data are shown in Figure 3-
1. On each of the substrata the extent of aggregation increased as ECM coating
concentration was increased. In addition, at this low cell seeding density the extent of
aggregation depended on the type of ECM substratum. Hepatocytes seeded onto Matrigel
aggregated at all of the concentrations investigated, with a maximum of approximately 70%
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of the observed fields exhibiting aggregation at 1 and 10 gg/cm 2. Cells seeded on laminin
did not aggregate below 0.1 gg/cm2 and showed a maximum aggregation of roughly 40%
of the observed fields at 1 gg/cm2. Similarly, hepatocytes seeded on 1 jgg/cm 2 fibronectin
gave rise to the highest extent of aggregation observed on this ECM, about 40% of the
observed fields.
3.2.2 Cell Attachment and Surface Coverage
An important trend observed during the previous studies is that the initial cell
attachment numbers and cell spreading areas increased as each ECM concentration
increased. The initial cell attachments for 4,000 cells/cm 2 seeding density ranged from
about 1,500 cells/cm 2 at the lowest ECM concentrations to nearly 4,000 cells/cm 2 for
surfaces coated with 10 jgg/cm 2 Matrigel. The corresponding diameters of these cells were
approximately 25 gim on low ECM concentrations to 65 jim on high ECM concentrations.
This means that the corresponding total cell coverage ranged from about 0.7% to 13% of
substratum surface area, making aggregation much more likely to occur at the higher ECM
concentrations. Therefore, while these constant cell seeding density experiments show that
hepatocyte aggregation depends on ECM surface concentration, it is unclear from this data
whether the observed effects can be directly attributed to particular matrix types and
concentrations or are instead simply due to an increased cell coverage area at higher ECM
concentrations.
In order to address this issue the relationship between the number of cells initially
seeded and the 24 hr. fractional surface coverage achieved by the cells on various
concentrations of Matrigel (0.01 jig/cm 2 - 10 jig/cm 2) was determined. Fractional surface
coverage, defined as the fraction of the petri dish surface covered by cells, incorporates
effects due to differences in both attached cell numbers and cell spreading that occur at
different ECM concentrations. Variation in surface coverage values was attained by
seeding the cells at a range of inoculation densities (4,000 cells/cm 2 - 45,000 cells/cm ) on
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each Matrigel concentration. Analysis of variance (ANOVA) at a significance level of 0.05
indicates that these data can be grouped into two levels--a low initial seeding level (4,000 -
8,000 cells/cm 2) and a high initial seeding level (15,000 - 45,000 cells/cm 2). Figure 3-2
shows the dependence of fractional surface coverage on Matrigel concentration at these two
levels of cell seeding. A companion graph of initial cell attachment vs. Matrigel
concentration is shown in Figure 3-3.
In order to accurately represent the aggregation of hepatocytes on different substrata
it is necessary to first incorporate the effects of cell surface coverage. Ideally, hepatocyte
aggregation could then be compared for cells attached varying ECM concentrations with
identical fractional surface coverages. In this way any "advantage" in aggregation gained
by those cells seeded on the highest ECM concentrations due to increased cell attachment
and spreading areas is effectively eliminated. Figure 3-4 represents the levels of
aggregation observed in a number of experiments on Matrigel concentrations from 0.01 -10
pgg/cm 2. These data are plotted as functions of the fractional cell surface coverage, which
was quantified during the course of each experiment. As expected, a positive correlation is
observed between aggregation and fractional surface coverage for all Matrigel
concentrations examined.
Preliminary aggregation data of hepatocytes on laminin and fibronectin substrata
were also obtained to determine whether the effects of these matrix molecules on
aggregation when normalized to cell surface coverage are as significantly different from
those of Matrigel as in the cases when the cells are seeded at constant (low seeding)
densities (i.e., Figure 3-1). These data are shown in Figure 3-5 combined with Matrigel
aggregation data and show the same positive correlation observed with the Matrigel data.
Chi-square contingency analysis (significance level of 0.05) indicates that laminin and
fibronectin data are indistinguishable from Matrigel data, and so the differences between
aggregation behavior on these different ECM proteins are not detectable when the data are
sorted according to cell surface coverage alone.
Analysis of hepatocyte aggregation as in Figure 3-4 allows for aggregation data to
be plotted as a function of extracellular matrix concentration by separating these data into
low, medium, and high fractional surface coverage ranges, which is significant in that these
results are presumably due only to the effects of cell-cell and cell-substratum interactions as
cell attachment and spreading effects are no longer an issue. Such an analysis is shown in
Figure 3-6 for hepatocytes attached to varying concentrations of Matrigel. Aggregation
data for this plot are grouped into low (1% - 8%), intermediate (9% - 16%) and high (17%
- 24%) surface coverage bins. Statistical analysis (chi-square contingency at a significance
level of 0.05) of these data indicates that aggregation varies with Matrigel concentration at
low and high surface coverage concentrations. Further comparisons among data within
these two groups via two-sample t-tests (significance level =0.05) reveal no comprehensive
relationship between aggregation and Matrigel concentration.
These results provide quantitative verification that the ability of hepatocytes to
aggregate is dependent not only on the initial coverage of the substratum by cells, but also
on the ECM concentration of this substratum.
3.2.3 Dependence of Aggregate Morphology on Extracellular Matrix Type
and Concentration
Qualitative observations of hepatocyte aggregate morphology on ECM-coated
polystyrene provide for a preliminary analysis of the effects of substratum properties on
morphogenesis. Matrigel, fibronectin, laminin and collagen I substrata were prepared as
described in chapter 2 and fields from each petri dish examined on days 1 and 4 after
seeding. By day 4, aggregates generally form into either spheroids (spherical or
hemispherical multicellular aggregates, cells adhere other cells but not necessarily to the
substratum) or monolayers (single layered aggregates, all cells attach to both other cells and
the substratum). As Figure 3-7 illustrates, both spheroids and monolayers form on each
type of matrix examined. But while monolayers form preferentially at high ECM
concentrations, spheroids form exclusively at low matrix concentrations. Hepatocytes
interact with these matrix components via different sets of receptors(78). Therefore, these
results are not limited to the presence or absence of particular ECM molecules and/or
growth factors and appear to depend only on ECM concentration, suggesting that the
primary mechanism is biophysical.
In order to test the dependence of hepatocyte aggregate morphogenesis on ECM
concentration, aggregate morphology was quantified on Matrigel-coated substrata.
Quantification was accomplished by analyzing fields in which aggregation occurs and
determining the morphology on day 4 in each of these. The data in Table 3-1 show the
results from this analysis and indicate that aggregate morphology can be considered to have
a binary relationship (i.e., spheroidal or monolayered) with Matrigel concentration. It is
clear that spheroidal and hemispheroidal aggregates form predominantly at low nominal
Matrigel concentrations (0.01, 0.1 jig/cm 2), while high Matrigel coating concentrations (1
tg/cm 2) support cell spreading and the formation of trabecular or monolayered aggregates.
Chi-square analysis followed by paired t-tests at a significance level of 0.05 confirm this
observation. These results are independent of cell seeding density and cell surface
coverage. Monolayers were observed to form on 1 [tg/cm 2 substrata at all observed
seeding densities and at surface coverages (measured on day 1) that ranged from 4%
coverage to nearly 73% coverage (Figure 3-2). Likewise, spheroids formed on 0.1 and
0.01 tg/cm2 substrata at both low and high cell seeding densities and at surface coverages
(measured on day 1) ranging from 2% to 23% coverage (Figure 3-2).
3.3 Discussion
The aggregation of epithelial cells and subsequent morphogenesis of aggregates is
an important phenomenon in the functional reconstruction of three dimensional tissues both
in vitro and in vivo. The studies described in this chapter deal with the effects that changes
in substratum properties have on hepatocyte aggregation and aggregate morphogenesis.
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Hepatocyte aggregation was measured by determining the fraction of fields
exhibiting macroscopic aggregation as defined in chapter 2. It should be noted that this
type of analysis does not attempt to account for the fate of each individual cell in a particular
field but instead serves as an indication of the tendency of cells on each substratum to
aggregate.
It was initially found that the extent of aggregation in vitro depends on the type and
concentration of the extracellular matrix substratum. Figure 3-1 illustrates the fraction of
observed fields in which aggregation is present as a function of both ECM type and
concentration for cells seeded at identical inoculum densities. Hepatocytes were observed
to aggregate to the greatest degree on Matrigel, with a minimum of about 25% of observed
fields showing aggregation at low coating concentrations (0.001 and 0.01 gg/cm 2) and a
maximum of approximately 70% at 1 and 10 gLg/cm 2. Aggregation also occurred on
laminin, but to a lesser extent at all concentrations; noticeable aggregation was not found
below a laminin coating concentration of 0.1 [Lg/cm 2 and was roughly 40% at 1 jLg/cm 2 .
Fibronectin was even less supportive, with no significant aggregation observed below a
concentration of 1 gg/cm 2, where about 20% of the observed fields showed aggregates.
However, it is important to point out that these results are potentially misleading due to the
observed increase in initial cell attachment and spreading areas for cells seeded at higher
ECM concentrations.
To address this issue, the aggregation behavior of hepatocytes on a range of
Matrigel concentrations (0.01 to 10 jgg/cm 2) was compared based on the total cell surface
coverage present at each concentration. These results indicate a strong dependence of
aggregation on cell surface coverage (Figure 3-4). This is a logical result, as hepatocyte
cultures with high levels of cell coverage would obviously be expected to aggregate to a
higher degree than those with low levels of cell coverage. Less intuitive is the result that
ECM concentration plays a role in guiding hepatocyte aggregation (Figure 3-6) but that
ECM type is not actively involved (Figure 3-5). While the nature of the hepatocyte-
substratum interactions influencing aggregation behavior is still unknown, the observation
that the concentration of ligand present on the surface is important (and not the type of
ligand) suggests that the biophysical properties of the substratum (e.g., adhesivity) may be
the primary determinants of aggregation behavior with integrin signaling playing a lesser
role. At any rate, further analysis of this process requires detailed mechanistic information
regarding hepatocyte aggregation. This topic is studied in greater detail in chapters 4 and 5.
Once hepatocytes have aggregated, it has been shown that their resulting
morphology is a key factor in determining the metabolic behavior of these cells in culture.
Hepatocytes in spheroidal aggregates typically exist in a differentiated, non-proliferative
state, whereas those cells that develop into monolayers or flattened "trabecular" aggregates
are more likely to proliferate and less likely to differentiate (96, 152). It has been shown
that the substratum to which hepatocytes are initially seeded is a key parameter in the
determination of hepatocyte aggregate morphology (71, 64, 138). Studies described in this
chapter provide observations of hepatocyte aggregate morphogenesis on various types and
concentrations of ECM substrata, allowing for thorough analysis of this phenomenon.
In the initial studies of hepatocyte aggregation phenomena the maturation and
morphogenesis of hepatocyte aggregates were observed through the first four days in
culture on substrata ranging from 0.001 gg/cm 2 to 1 gg/cm 2 Matrigel, laminin, collagen I
or fibronectin. Each ECM type was observed to support both spheroidal and monolayered
aggregate morphology depending on the initial molecular coating concentration (Figure 3-
7). Spheroids tended to form at low adsorption levels of each matrix component while
monolayers formed at high levels. Hepatocytes interact with each these components via
different receptors (78), which indicates that a specific receptor-ligand signaling event is
apparently not necessary in the evolution of either morphological type. Rather, as with the
extent of aggregation, final aggregate morphology appears to depend on matrix
concentration, indicating that the primary mechanism responsible for hepatocyte aggregate
morphology is biophysical in nature.
47
A more detailed analysis of the dependence of hepatocyte aggregate morphogenesis
on ECM concentration was performed with hepatocytes seeded onto Matrigel-coated
surfaces. Morphology on each Matrigel concentration is now quantified, as shown in
Table 3-1. Typically, spheroidal-type aggregates formed on 0.01 gg/cm2 and 0.1 gg/cm2
and monolayered aggregates formed on 1 gg/cm2 . These results verify a binary
relationship between aggregate morphology and matrix concentration: spheroids form on
substrata with low matrix concentrations, monolayers form on substrata with high matrix
concentration. This result is independent of matrix type (Figure 3-7).
Since initial cell attachment was observed to depend on initial matrix coating
concentration, one concern that arises from the above analysis is that the results may be due
to differences in cell number rather than substratum matrix concentrations. This possibility
was investigated by examining the morphologies of all hepatocyte aggregates which formed
on the range of seeding densities and Matrigel concentrations shown in Figures 3-2 and 3-
3. These observations indicate that whenever aggregation occurs, regardless of the seeding
density or surface coverage, monolayered morphology results at high matrix concentrations
and spheroidal morphology results at low matrix concentrations.
It is therefore established that the extracellular matrix plays a role in the evolution of
hepatocyte aggregates. Matrix concentration exhibits influence over hepatocyte
aggregation, although the manner in which this occurs cannot be ascertained based only on
the data reported in this chapter. Matrix type appears to affect the aggregation process in a
passive manner and only insofar as it affects cell surface coverage. The effects of matrix
on aggregate morphogenesis are more prominent and appear depend on matrix
concentration in a binary relationship with spheroids forming at low matrix concentrations
and monolayers forming at high matrix concentrations. These results are independent of
the type of molecules present in the ECM. While these results suggest that biophysical
phenomena play important roles in hepatocyte aggregation and morphogenesis, further
analysis requires more detailed mechanistic information regarding the aggregation process.
|
It is clear then that the next step in these studies of hepatocyte aggregation must involve the
elucidation and analysis of the cellular mechanisms underlying hepatocyte aggregation.
Matrigel
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0.1 gg/cm 2
0.01 ~tg/cm 2
0/63
63/75
58/60
1/63
9/75
0/60
62/63
3/75
2/60
Table 3-1. The fractions of observed aggregate-containing fields exhibiting spheroids,
pre-spheroids, and monolayers on 1 Jtg/cm 2, 0.1 .Lg/cm2, and 0.01 ýLg/cm 2 Matrigel
substrata.
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Figure 3-1. Dependence of hepatocyte aggregation on composition of the extracellular
matrix substratum. The fraction of observed fields in which aggregates formed is plotted
as a function of the calculated surface-coating concentration for Matrigel (0), laminin (0),
and fibronectin (X) substrata. Cells were seeded at an inoculation density of 4,000
cells/cm 2.
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Figure 3-3. Cell attachment to Matrigel substrata for hepatocytes seeded at low (4,000 -
8,000 cells/cm 2) (0) and high (15,000 - 45,000 cells/cm 2) (0) inoculation densities.
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Figure 3-4. Dependence of hepatocyte aggregation on cell coverage area. The fraction
of observed fields in which aggregates formed is plotted as a function of the average
fractional surface area in each observed field occupied by cells for nominal Matrigel
surface-coating concentrations of 10 Jg/cm2 (A), 1 Jg/cm 2 (I), 0.1 JLg/cm 2 (0), and 0.01
Jig/cm 2 (X).
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Figure 3-5. Dependence of hepatocyte aggregation on cell coverage area for different
types of ECM. The fraction of observed fields in which aggregates formed is plotted as a
function of the average fractional surface area in each observed field occupied b' cells
for nominal surface-coating concentrations of 10 gg/cm2 Matrigel (A), 1 tg/cm-
Matrigel (M), 0. 1 gg/cm2 Matrigel (0), 0.01 ýtg/cm2 Matrigel (X), 1 tgg/cm 2 laminin (*),
0. 1 g/cm2 laminin (0), 1 gg/cm 2 fibronectin (0), 0. 1 glg/cm 2 fibronectin (B3), and 0.01
gg/cm fibronectin (l).
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Figure 3-6. Dependence of hepatocyte aggregation on Matrigel concentration for
culture systems of similar fractional surface coverages. The fraction of observed
exhibiting macroscopic aggregation is plotted as a function of Matrigel concentration
for low (0.01 - 0.08) (0), medium (0.09 - 0.16) (0), and high (0.17 - 0.24) (X) ranges
of fractional surface coverage.
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Figure 3-7. Morphology of hepatocyte aggregates on substrata of different ECM types
and concentrations. Photographs are taken on day I and day 4; a) spheroids forming on
0.01 gg/cm 2 laminin; b) monolayers forming on 1 gg/cm 2 laminin; c) spheroids forming
on 0.01 gg/cm 2 fibronectin; d) monolayers forming on 1 glg/cm 2 fibronectin; e) spheroids
forming on 0.001 gg/cm2 collagen I; f) monolayers forming on 1 gtg/cm 2 collagen I
(d)
4 Cellular Mechanisms in Hepatocyte Aggregation and
Aggregate Morphogenesis
4.1 Introduction
In chapter 3, the aggregation behavior of hepatocytes in vitro was shown to depend
primarily on cell seeding density and the concentration of surface-bound ECM. In order to
progress in the understanding of this relationship, it is necessary to first determine the
cellular mechanisms which underlie hepatocyte aggregation. Once these mechanisms are
determined, they themselves can then be studied as functions of the substratum properties
on which aggregation is observed.
Reports dealing directly with these mechanisms of hepatocyte aggregation are
difficult to find. Processes underlying epithelial cell aggregation in existing literature are
often referred to in terms of cell migration, both in vitro (6) and in vivo (4). It seems
logical to presume that cell migration might play a central role in epithelial aggregation since
many epithelial cell types have demonstrated an ability to migrate. For hepatocytes,
however, this is currently an open question. There have been no explicit reports of
hepatocyte migration heretofore, but it has been suggested that these cells can and do
migrate. The "streaming liver" model predicts a continuous production of new hepatocytes
at the outer rim of the portal space which then migrate along the sinusoid toward the central
vein where they are eventually eliminated (153). The observed redistribution of tritiated
thymidine-labeled hepatocytes within hepatic plates labeled after partial hepatectomy (4) and
during normal postnatal growth of the liver (153) has been used as evidence supporting this
hypothesis. However, it has also been suggested that this redistribution actually results
from passive hepatocyte movement or the reutilization of label by other cells located nearer
the hepatic veins (37). In support of this, experiments similar to those described above but
employing B-galactosidase genetic labeling show no such redistribution (13), suggesting
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that these previously reported results were indeed artifactual. Identification within the liver
parenchyma of B-galactosidase-labeled hepatocytes originally transplanted in the spleen has
also been used as evidence of hepatocyte migration (99), but this study provides no direct
evidence of active migration. These suppositions all share a fundamental weakness in that
the conclusions drawn regarding the occurrence of hepatocyte migration are based on the
inferences from the displacement of labeled cells and not on direct observation of
migration. Therefore, any detailed analysis regarding cellular mechanisms in the
aggregation process must involve direct observation of hepatocyte behavior.
The results of the experiments described in this chapter indicate that cell membrane
extension, not cell migration, is mechanistically responsible for hepatocyte aggregation. In
addition, a cell contraction step appears to be typically involved in this process. This
observation leads to the formation of a hypothesis regarding the nature of substratum
influence over hepatocyte morphogenesis.
4.2 Results
In order to uncover the mechanisms responsible for hepatocyte aggregation, direct
observation of hepatocytes on laminin, fibronectin, or Matrigel-coated substrata was
accomplished with the use of time-lapse videomicroscopy over the 4-day culture period.
Cells were cultured on a microscope stage incubated petri dish holder and recorded over 12
hour intervals at 1/240th real time. These videotapes were then reviewed and scored for
classical cell migration and cell membrane extension. The substrata analyzed were identical
to those used in chapter 3 for observations of aggregation phenomena.
4.2.1 Hepatocyte Migration
Because aggregation of epithelial cells may be hypothesized to rely substantially on
cell locomotion, the migration behavior of hepatocytes seeded onto the ECM-coated petri
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dishes was examined. Classical single-cell locomotion was scored when a cell was
observed to move at least one cell-length without contacting another cell during the 12-hour
observation period. The reason for using this definition was to distinguish single-cell
locomotion from direct cell/cell coupling interactions, which are considered to be
aggregation phenomena. Cells were seeded at low (4,000 cells/cm 2) densities, and so
typically the area surrounding each cell was sufficiently vacant to allow for unhindered cell
migration.
Table 4-1 shows the fraction of observed cells that actively migrated at least one
body length as a function of the ECM concentrations on the various substrata. Data are for
12-hour observation periods. At no concentration of any of the ECM substrata were more
than 6% of the cells observed to exhibit classical single-cell locomotion Moreover, no
significant trends were noted as a function of either type or concentration of the ECM
coating proteins.
4.2.2 Hepatocyte Motility
In the course of examining time lapse videotape for classical locomotion behavior,
several instances of cell-cell coupling were observed. Coupling is defined as the
attachment of one cell membrane to another. As illustrated above, these could not be
attributed to classical single cell locomotion. In almost every instance, the observed
aggregation was directly attributable to membrane extension in the form of either
lamellipodial (short, broad, flattened) or filopodial (long, thin, cylindrical, "needle-like")
protrusion. As shown in Figure 4-1, the typical sequence of events in the aggregation
process involves membrane-extension driven coupling followed by what appears to be a
discrete contractile event which, in some cases, causes a rapid retraction of the peripheral
edges of the nascent aggregate.
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The key first step in this aggregation process was observed to be membrane
extension. Because the subsequent steps occur quickly once cells make membrane-induced
contact, membrane extension can be thought of as the rate-limiting step in the aggregation
process. Thus the observed degree of aggregation should directly correlate with membrane
extension.
In order to quantify this observation, active cell membrane extension was scored
during 12-hour observation periods for hepatocytes on 0.01-10 gg/cm2 Matrigel. Despite
the absence of significant classical locomotion, cells frequently exhibited membrane
extensions in the form of long filopodial projections or shorter, "leading edge"- type
lamellipodia, which has been reported previously for a number of other epithelial cell types
(24). These extensions are prominent and can be easily identified by the presence of a
"ruffling" front (70). Movements of cell peripheries which were not accompanied by a
ruffling front were not scored as membrane extension. Data for singlets and aggregates
were combined as they yielded similar results. Figure 4-2 shows the fraction of cells
exhibiting membrane extension as a function of Matrigel concentration. Since it may be
hypothesized that the ability of cells to aggregate was dependent on the ability of cells to
polarize their membrane extensions in a certain direction (i.e., filopodia or discrete regional
lamellipodia), further analysis of the fraction of membrane extensions which were polarized
was performed (Figure 4-3). However, chi-square contingency analysis of this data at a
significance level of 0.05 indicates that the levels of polarized membrane extension on
different Matrigel concentrations were indistinguishable.
ANOVA of Figure 4-2 followed by paired t-tests (both at a significance level of
0.05) indicates that the membrane extension levels present at low seeding densities increase
as the Matrigel concentration is increased from the "low" regime ( 0.01 - 0.1 gg/cm 2) to the
"high" regime (1 - 10 ýig/cm 2). Paired t-tests at a significance level of 0.05 also indicate
that cells seeded at high densities (15,000/cm 2 - 45,000/cm 2) on 0.1 and 0.01 Jgg/cm 2
Matrigel substrata extend their membranes at a significantly higher level than cells seeded at
low densities on the same substrata. Interestingly, the membrane extension levels found in
cell populations seeded at high densities on the low Matrigel concentrations were
indistinguishable from those found in cells seeded at low densities on the high Matrigel
concentrations.
It is obvious from these analyses of Figure 4-2 that cell seeding density plays some
role in determining the level of membrane extension present in the culture system. These
observations hint that the effects attributed to ECM concentration in the above analysis may
simply be due to the number of cells attached to the substratum. However, further statistical
analysis of Figure 3-3 indicates that the cell numbers present at low seeding densities on
0.1, 1, and 10 gg/cm2 Matrigel are statistically indistinguishable while, as stated above,
this is untrue of membrane extension in these cases (cells on 0.1 gg/cm 2 show significantly
less membrane extension than do cells on 1 and 10 jgg/cm2). Additionally, the number of
cells attaching to 0.1 gg/cm2 Matrigel at high seeding density is statistically greater than that
for any other Matrigel concentration. This trend does not manifest itself in the membrane
extension fractions (i.e., the membrane extension level present in these cells is not
statistically higher).
It is concluded that, while cell attachment number may play a significant role in
promoting membrane extension for cells seeded on identical substrata, this parameter does
not independently explain differences in membrane extension for hepatocyte populations
seeded onto substrata of differing ECM concentrations.
4.2.3 Motility as a Mechanism of Hepatocyte Aggregation
Since membrane extension was observed to promote hepatocyte aggregation, it
became desirable to quantify the relationship between these two parameters. In order to
perform such an analysis the effects of cell surface coverage must be taken into account.
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This can be accomplished by performing an analysis similar to that of Figure 3-6, now
substituting membrane extension as the independent variable. Membrane extension was
shown to be a function of ECM concentration and of cell seeding density in Figure 4-2. By
further separating the x-axis data from Figure 3-5 into low and high seeding density
regimes (i.e., 10 gLg/cm 2 low seeding density, 1 glg/cm 2 low seeding density, 0.1 gLg/cm 2
low seeding density, 0.1 jig/cm 2 high seeding density, 0.01 glg/cm 2 low seeding density,
0.01 jLg/cm 2 high seeding density), these two figures can be combined. The resulting plot
is shown in Figure 4-4 and demonstrates a clear relationship between aggregation and
membrane extension. Chi squared contingency analysis at the 0.05 significance level
indicates that aggregation increases significantly with increasing membrane extension for
cells present with low and intermediate surface coverages. Testing of linearity also
indicates that the aggregation vs. membrane extension data for these levels of fractional
surface coverage and in the membrane extension regimes investigated are linear, and that
their slopes are indistinguishable.
In order to determine whether a similar relationship exists for cells seeded onto
other types of ECM, the initial aggregation experiments (4,000 cell/cm 2 seeding density)
with fibronectin were analyzed for membrane extension and surface coverage and added to
Figure 4-2. Fibronectin was chosen as an ECM because adhesion of hepatocytes to
fibronectin is mediated by receptors which are different from those mediating the adhesion
of hepatocytes to Matrigel. It can be seen in Figure 4-5 that the membrane extension data
for fibronectin are indistinguishable (paired t-test; significance level 0.05) from Matrigel
data. Figure 4-6 plots aggregation vs. membrane extension for hepatocytes on fibronectin
as well as on Matrigel (from Figure 4-4). This analysis illustrates that hepatocyte
aggregation on fibronectin is dependent on membrane extension in much the same way as
is hepatocyte aggregation on Matrigel, suggesting that the observed relationships are also
independent of ECM type.
4.3 Discussion
The studies described in the current chapter serve to provide the first known
observations of the mechanisms responsible for hepatocyte aggregation. It seems to be
typically assumed that cell migration, if not being solely responsible for, greatly facilitates
cell-cell aggregation, although explicit hypotheses in this regard are rarely formulated.
Contact inhibition of migration, where the locomotory "machinery" in contacting cells is
temporarily paralyzed, is generally thought to be the mechanism by which such aggregation
is allowed to occur (81). While no literature reports explicitly describing hepatocyte
migration could be found, other epithelial cell types have been observed to migrate in vitro
(e.g., refs. 8, 17, 110). It has been postulated that hepatocytes are capable of migration
(153, 4, 99), and indeed evidence of increased motile functions (e.g., membrane extension
through thin polycarbonate filters) under growth factor stimulation has been reported (128).
Classical cell locomotion behavior has not been directly observed for hepatocytes,
however. We thus employed videomicroscopy to illuminate the nature of hepatocyte
motility under the particular conditions of our aggregation experiments.
Observations taken from time lapse videotape of hepatocyte behavior on these
ECMs (Table 4-1) show that classical single-cell migration of hepatocytes is essentially
negligible under all conditions investigated, despite the fact that aggregation is often times
occurring to a significant extent. It is highly unlikely, therefore, that differences in the
abilities of various surfaces to support hepatocyte aggregation are brought about by
differences in resulting locomotion properties. However, from these same observations,
an alternative form of cell motility appears to be more substantially involved. Direct cell-
cell coupling was observed over fifty times during the course of this analysis. In these
cases, initial contact between the cells occurred almost entirely via membrane extension,
after which the cells were able to aggregate. While many of these cells moved more than
one body length, it only occurred after cell/cell contact and so can be considered at least as
much a result as a cause of cell aggregation.
It is unclear why hepatocytes do not exhibit classical single-cell locomotion to a
significant extent under these conditions. One explanation for why some epithelial cell
types would not be able to migrate is that they may lack the ability to form polarized
membrane extensions (70). However, we have observed in the course of these studies that
hepatocytes are in fact capable of forming such extensions. Another possibility is the
presence of focal adhesion contacts, which must be transient in order for cells to migrate
(70, 103). Stamatoglou and Hughes (121) have shown that focal contacts develop rapidly
at the peripheries of hepatocyte colonies on fibronectin. These focal adhesion regions are
capable of circumscribing the colonies and provide an extremely strong cell-surface
adhesion strength (146), perhaps substantially greater than the contractile force that these
cells are capable of generating.
A correlation between high cell-surface adhesion strength and inhibition of
migration has been validated for other (non-epithelial) cell types (23). This might also
explain why coupled cells are able to then migrate towards one another. In aggregating
hepatocytes, the cytoskeletal actin, which is a key component of focal adhesion complexes
(129), reorganizes to circumscribe the entire colony rather than the individual component
cells (124). In the process of this reorganization, many of these complexes are likely to be
disrupted, decreasing cell-surface adhesion strength and allowing the contractile force of
the cell in question or of the new aggregate to now overcome the previously
insurmountable force.
At any rate, it is clear from the observations of hepatocyte behavior that membrane
extension leading to cell coupling followed by cellular contraction is the typical series of
events leading to hepatocyte aggregation. This information, when coupled with the
observation that morphogenesis is based in biophysical phenomena, leads to a hypothesis
for hepatocyte aggregate morphogenesis based on cell traction forces and cell-substratum
adhesion forces which will be discussed in detail in chapter 5.
Since membrane extension was observed to play a vital role in the coupling and
aggregation of hepatocytes, this relationship was analyzed quantitatively. The fraction of
cells examined via time lapse videotape on each particular substratum type and
concentration were determined. The data obtained for cells on Matrigel substrata are shown
in Figure 4-2. These data indicate two trends. First, membrane extension of cells seeded
at identical seeding densities increases with increasing Matrigel concentration. Second,
increasing hepatocyte seeding density increases membrane extension levels. These
observations suggest the possibility that cell attachment number (and not matrix
concentration) may ultimately determine levels of cell membrane extension. This in turn
would implicate cell secreted factors as stimulants. Hepatocytes secrete a variety of growth
factors and ECM molecules, so this is entirely feasible. Further support for this hypothesis
is provided by observations made during time lapse videotape analysis that membrane
extensions appeared to occur preferentially in the direction of other cells (see Figure 4-1).
However, statistical analysis of the data does not support this hypothesis. It is observed
that, while cells seeded at low densities on 0.1 gg/cm 2 Matrigel attach at levels statistically
indistinguishable from those seeded at the same densities on higher Matrigel concentrations
(Figure 3-3), the levels of membrane extension present in these cells is significantly lower
than those attached to the higher concentrations. In addition, the largest number of attached
cells was found to occur at high seeding densities on 0.1 jgg/cm 2 Matrigel, but there was no
corresponding increase in the membrane extension found in these cells. Furthermore,
analysis of the levels of membrane extension with respect to time in culture reveals no
uniform increase or decrease in membrane extension levels over time. If secreted
molecules (either ECM or growth factor) were entirely responsible for membrane extension
such an increase might be expected.
It is not surprising that one simple explanation is insufficient to describe the motility
behavior of hepatocytes on these substrata. Membrane protrusions are thought to be driven
by localized polymerization of F-actin filaments (137, 129), but the mechanisms by which
such polymerization may occur are numerous and are currently open to debate (129). One
popular theory which may explain the data in Figure 4-1 is that receptor binding (e.g., to
the ECM or to a soluble growth factor) activates polyphosphoinositide synthesis(116),
which in turn desequesters actin subunits and uncaps capped filaments, allowing
spontaneous F-actin polymerization and elongation to occur (129; 86). Since these events
are most likely to occur intracellularly in the vicinity of receptor activation, membrane
extension would then occur precisely (and conveniently) in these areas. Subsequent
hydrolysis of the polyphosphoinositides could then account for cessation of actin assembly
by a reversal of the effects described above (129), accounting for the transience seen in
lamellipodial or filopodial extensions.
Experiments in which hepatocytes are seeded onto surfaces coated with 0.001,
0.05, and 1 gg/cm 2 laminin indicate that the levels of F-actin increase significantly with
increasing matrix concentration over the first few hours in culture but then equalize over the
next several hours (86). This result was independent of protein secretion as determined by
treatment with cycloheximide. Therefore, ECM concentration is indeed capable of affecting
the membrane extension activity present in hepatocytes. However, it is also clear from
Figure 4-2 that cell attachment density (most likely through a mechanism of protein
secretion) will affect hepatocyte membrane extension activity. It is therefore reasonable to
conclude that both ECM concentration and cell density stimulate hepatocyte membrane
extension, which provides a plausible explanation for the behavior seen in Figure 4-2.
With the information provided by Figure 4-2, the relationship between aggregation
and membrane extension can now be quantified. This provides a test of the extent to which
aggregation is dependent on membrane extension. If surface coverage were the only
important parameter, then the aggregation would be independent of membrane extension.
If, as anticipated, membrane extension is a key mechanism in hepatocyte aggregation, then
aggregation would show a definite and positive correlation with this parameter. As seen in
Figure 4-4, aggregation shows a statistically significant linear relationship with membrane
extension in the ranges examined. Therefore, membrane extension does indeed
significantly affect the aggregation of hepatocytes, especially at low surface coverage. In
addition, the slopes of low and intermediate surface coverage data are indistinguishable
from one another. Therefore, the effects of incremental increases in membrane extension
levels has the same result in both cases. The agreement with this Matrigel data of data
included from cells on fibronectin (Figure 4-6), which recruits different receptors than
those recruited by Matrigel for hepatocyte adhesion, suggests that this is independent of
ECM type. Again, this result is not surprising; the data here are concerned strictly with
events leading to hepatocyte aggregation.
These results are significant in that they indicate that the aggregation of hepatocytes
relies on a mechanism by which membrane extension leads to cell-cell coupling. This
mechanism is dependent on substratum properties only insofar as these parameters
influence the levels of membrane extension present in the cell population. Moreover, the
substratum should support a sufficiently high degree of initial cell attachment and spreading
if aggregation is desired. These parameters can be controlled by variation in ECM
concentration.
In chapter 3 it was suggested that the substratum dictates the morphological fate of a
hepatocyte aggregate through biophysical means. It was unclear, however, what these
biophysical means involved. Having established that membrane extension leads to cell
coupling followed by a cellular contraction, a hypothesis can be formulated regarding the
nature of substratum control over hepatocyte aggregate morphogenesis. Since cellular
contraction appears to be responsible for the detachment of peripheral aggregate borders, it
is suggested that morphogenesis is determined by the ability of this contractile event to
overcome cell-substratum affinity that would ultimately determine whether spheroids could
form or whether monolayers would instead be present. Thus, a low cell-substratum
adhesion force would permit cellular contractile forces to influence morphogenesis and
spheroids would result. A high cell-substratum adhesion force would prove
insurmountable for cellular contractile forces and so monolayered aggregates would result.
This hypothesis, shown schematically in Figure 4-7, forms a basis for the studies
performed in chapter 5.
ECM conc.
Matrigel Laminin Fibronectin
10 gg/cm2  9 / 117
1 gg/cm2  4/104 1/190 1/77
0.1 gg/cm2  1/192 1/144 1/80
0.01 ýlg/cm 2  0/171 1/118 0/84
Table 4-1. Dependence of hepatocyte migration on composition of the extracellular
matrix substratum. The number of cells observed to locomote during 12-hour tracking
periods is given for the various surface-coating concentrations of Matrigel, laminin, and
fibronectin
Figure 4-1. Photographs of aggregating hepatocytes during a 17.8 hour interval. The
sequence illustrates the processes of membrane extension, cell-cell coupling, and
cytoskeletal contraction. Cell migration can also be seen in one of the non-aggregating
cells. Time zero represents day 2, approximately 48 hours after seeding.
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Figure 4-2. Dependence of hepatocyte membrane extension activity on cell seeding
density. The fraction of cells observed to exhibit membrane extension is plotted as a
function of substratum Matrigel concentration for low (4000 cells/cm 2 - 8000 cells/cm 2)(M) and high (15,000 cells/cm 2 - 45,000 cells/cm 2) (0) seeding densities.
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Figure 4-3. Dependence of polarized membrane extension activity on Matrigel
concentration. The fraction of membrane extending cells which exhibit polarized
membrane extension is plotted as a function of substratum Matrigel concentration.
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Figure 4-4. Dependence of hepatocyte aggregation on membrane extension. The
fraction of observed fields exhibiting macroscopic aggregation is plotted as a function of
the fraction of observed cells exhibiting membrane extension on Matrigel substrata for low(0.01 - 0.08) (1), medium (0.09 - 0.16) (0), and high (0.17 - 0.24) (X) ranges of
fractional surface coverage.
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Figure 4-5. Dependence of hepatocyte membrane extension on ECM
of observed cells exhibiting membrane extension is plotted as a
concentration for Matrigel (0) and fibronectin (X) substrata.
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Figure 4-6. Dependence of the aggregation of hepatocytes cultured on different ECM
substrata on membrane extension. The fraction of observed fields exhibiting
macroscopic aggregation is plotted as a function of the fraction of observed cells
exhibiting membrane extension on Matrigel and fibronectin substrata for low
(0.01 - 0.08) (0), medium (0.09 - 0.16) (0), and high (0.17 - 0.24) (X) ranges
of fractional surface coverage.
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Figure 4-7. Schematic diagram of the proposed morphogenesis hypothesis.
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5 The Biophysical Nature of Substratum Control of
Hepatocyte Aggregate Morphogenesis
5.1 Introduction
In chapter 3 it was observed that low ECM concentrations appeared to support
spheroidal aggregation, while monolayers formed at the highest ECM concentrations. It
was also observed in these studies that, although these cells typically do not exhibit
classical migration to a significant extent while aggregating, coupled hepatocytes are
capable of contracting with forces large enough to pull towards one another as they form
nascent aggregates, breaking cell-substratum attachments in the process.
Based on these observations, the hypothesis proposed in the previous chapter states
that aggregate morphology is in large part governed by a balance between cell contraction
forces and cell-surface adhesion forces. When cell-surface adhesion forces are relatively
weak in comparison with cell contractile forces, the cells can reorganize to form into
spheroids; when these cell-surface forces cannot be overcome by cell contraction,
monolayered aggregation results. While it has been postulated that the condition of weak
cell-substratum interactions increases the likelihood of spheroid formation (71, 64, 138),
this effect has never been quantitatively verified. Moreover, the relation of cell-substratum
adhesion to cell contractile forces are generally not mentioned explicitly. Therefore, in
these studies this hypothesis was tested by systematically varying the morphology of
hepatocellular aggregates by varying the amount of ECM on the substratum, and measured
the corresponding cell-substratum adhesion strengths for each condition using a shear-flow
detachment assay.
5.2 Results
5.2.1 Cell-Substratum Attachment Forces on Matrigel Substrata
In order to understand the biophysical nature of hepatocyte-substratum interactions,
shear flow detachment assays were performed on hepatocytes 24 hours after seeding onto
each surface. Well-defined distractive forces were applied to the cells via shear flow and
the levels of cell detachment measured. Figure 5-1 shows the fraction of cells detached at
each shear stress. Due to the dichotomous nature of the detachment fractions, error bars
were calculated based on sampling from a binomial population (154). It is immediately
apparent that the data for cells cultured on 0.1 jgg/cm 2 and 0.01 gg/cm 2 Matrigel are similar,
and are lower than the shear stress required to detach cells cultured on 1 gg/cm 2 Matrigel .
A chi-square contingency test verifies this observation at significance level of 0.05. These
trends are consistent with the hypothesis that spheroids form at lower levels of cell-
substratum adhesion strengths while monolayers form at higher levels.
It should be noted here that, while a large majority of the hepatocytes observed in
the adhesion assays existed as single cells, there were some cell aggregates that were
inadvertently included. An analysis of the effects that these aggregates had on the results
can be conducted by comparing the cell-to-track ratios (i.e., average number of cells per
track) before and after exposure to shear flow for each of the three Matrigel concentrations
examined. A t-test performed at a significance level of 0.05 indicates that there is no
statistical difference between these ratios for hepatocytes on any of the Matrigel
concentrations examined and therefore that these results were not biased in any way by the
presence of cell aggregates.
While these data relating cell detachment to surface shear stress provide insight into
the relationship between Matrigel coating concentration and cell attachment, they are
inadequate estimators of the true strengths of cell attachment. Since the actual detachment
force applied to a cell is dependent on both shear stress and cell morphology, the possible
differences in morphologies must be accounted for and shear forces explicitly determined.
Values for applied force were obtained from the shear stress data by modeling the
cells in various states of spreading as hemispherical caps of constant volume. This appears
to be the most reasonable estimation of hepatocyte morphology based on scanning electron
micrographs of hepatocytes attached to a variety of extracellular matrix types and
concentrations (11, 46). For a sphere in xyz coordinates centered around the origin, a
hemispherical cap can be represented by that section of the sphere contained within the
limits of z=p to z=R, where 0<p<R. To obtain the shear force acting on a hemispherical
cap with a base of radius rp, the solution for shear force on a hemisphere was modified by
Truskey and Proulx to yield Fs = 2.157C(rp2 + h2)tw (141). Therefore, both parameters
must be calculated from measured quantities. Average cell areas were measured as a
function of Matrigel concentration and obtained corresponding values for radii based on an
assumption of circular spreading areas. The height of each cap was then determined by
using this radius and assuming that cell volume remains constant, independent of the
degree of spreading. Table 5-1 shows values for cell spreading areas, and the
corresponding radius and height estimations calculated for cells on each of the Matrigel
surface concentrations examined.
The plot of cell detachment vs. calculated shear force is given in Figure 5-2. These
results show that the force required to detach hepatocytes from 1 gg/cm2 Matrigel surfaces
is statistically greater than the force required to detach the cells from 0.01 gg/cm 2 and 0. I1
gg/cm 2 Matrigel as determined by a chi-square contingency test performed at a significance
level of 0.05. The curves shown in this plot represent the integrals of lognormal
probability density function (PDF) distributions which have been fit to the hepatocyte track
adhesion strength data (see Appendix B for calculations). A lognormal PDF integral has
been applied successfully to shear flow detachment data for fibroblasts (140) and fits the
present hepatocyte data quite well as determined by chi-square goodness of fit tests. These
curve fits provide further illustration of the disparity between the cells on high (1 gg/cm2)
and low (0.01 ýtg/cm 2, 0.1 gg/cm 2) Matrigel concentrations. With the parameters obtained
from these curve fits (mean, variance), the lognormal PDF distributions can now be plotted
(Figure 5-3), which also show clear distinction between these two sets of data.
5.2.2 Effects of Changing Adhesion Strength on Aggregate Morphology
Since hepatocytes have been shown to synthesize and secrete matrix in vitro (135,
131, 123), it is possible that changes in substratum ECM concentration occur due to
secretion of new matrix or degradation of existing matrix over the four day culture period.
In order to investigate the effects of possible matrix secretion, spheroids were allowed to
form on 0.1 gg/cm 2 Matrigel substrata. At days 2 and 3 after initial seeding some of these
spheroids were transferred to freshly prepared dishes which had been coated with either
0.1 or 1 gLg/cm 2 Matrigel. Those aggregates which were added to the I jgg/cm 2 dish
formed into monolayer-type structures within 24 hours, while aggregates in the initial
cultures as well as those transferred to freshly prepared 0.1 jig/cm 2 dishes remained as
spheroids for the duration of the experiment (up to 4 days after initial culture). This
analysis demonstrates that the morphology of hepatocyte aggregates is continually sensitive
to substratum ECM concentration.
5.3 Discussion
The purpose of the studies detailed in this chapter is to test the hypothesis that
hepatocyte aggregate morphogenesis is based in biophysical phenomena. The hypothesis
states that aggregate morphology evolves due to the interplay between cell-substratum
adhesion and cell-cell contraction forces.
It has been shown that the strength of adhesion of human smooth muscle cells to
collagen IV- and fibronectin-coated substrata increases with increasing ECM concentration
(23). While observations that hepatocyte spreading can be controlled by surface ECM
concentrations have been reported (11, 85), no quantitative data relating adhesion to
morphology were presented. By varying the surface density of adsorbed ECM molecules,
cell-substratum adhesion strength can presumably be varied independent of the type(s) of
adhesion receptors involved. To critically test the hypothesis regarding the relationship
between cell-substratum adhesion and aggregate morphology, it is then essential to quantify
cell-substratum adhesion strength at the different ECM coating densities.
Hepatocyte cell-substratum adhesion strength was assessed using a shear flow
detachment assay performed 24 hours after the seeding of hepatocytes. This time point
was chosen because observations from the 4 day aggregation studies show that
macroscopic aggregates of hepatocytes -- regardless of resulting aggregate morphology --
are just beginning to form after 24 hours in culture. Most cells at this time remain
unaggregated, allowing for relatively unambiguous interpretation of cell-substratum
adhesion data, and yet these cells are on the verge of aggregation, suggesting that the
adhesion strength measured at this point is crucial in ultimately determining aggregate
morphology. Even those cells which were seeded as aggregates do not generally begin to
exhibit their final morphology until after 24 hrs. (e.g., Figure 2-2). From Figure 5-1,
which shows the fraction of cells detached from each Matrigel concentration as a function
of shear stress, it is evident that the cells are more easily detached from lower ECM density
(0.01 ýtg/cm 2 and 0.1 gg/cm 2 Matrigel) than they are from higher ECM density (1 gg/cm2
Matrigel). However, since cell morphology is also a function of ECM surface density,
these morphological differences will cause different resultant forces to act on cells exposed
to identical shear stresses. These morphologies, therefore, must be accounted for to allow
a true comparison of cell-substratum adhesion strengths.
Shear forces can be calculated from the shear stress data by allowing for estimations
of cellular morphology (45, 141). It is assumed here that the morphologies of the
hepatocytes in the various stages of spreading can be approximated by hemispherical caps.
The resultant data (i.e., fraction of cells detached for specific values of force) represent the
probability that a cell adheres to the surface with a force less than or equal to the force in
question. This curve then is simply the integral of a probability density function for cell-
substratum adhesion strength (i.e., the probability of a cell adhering to the substratum with
a particular strength). The data for hepatocyte detachment were fit to lognormal PDF
distributions (Figures 5-2 and 5-3). By presenting the data in this format, it can be clearly
seen that spheroidal aggregation occurs at low levels of cell substratum adhesion strength,
while monolayers form at higher levels. This analysis illustrates that there is effectively no
difference between the trends observed from the shear stress data (Figure 5-1) and the
trends obtained by transformation of the shear stress data to shear force data (Figure 5-2).
In order to determine whether the data obtained for shear flow detachment of
hepatocytes is reasonable, comparison with shear stresses required to detach other cell
types is helpful. Hubbe (45) has reported that exposure to a 7.5 Pa shear stress for 2
minutes will detach 9-29% of attached HeLa cells. van Kooten et al. (145) have reported
that 50% detachment of human skin fibroblasts occurs with 30 min. exposure to a 26.3 Pa
shear or 140 min. exposure to a 17.6 Pa shear. These results indicate that a reasonable
maximum shear stress necessary for detachment of the our cells is in the range of 10-100
Pa, which is consistent with the data in Figure 5-1.
Since these adhesion data are taken at the 24 hour time point, it is possible that
changes in adhesion strength over the remaining three days of observation could occur due
to secretion of new matrix or degradation of existing matrix. Experiments in which
spheroids were added to both 1 gtg/cm 2 and 0.1 gg/cm 2 Matrigel substrata indicate that the
spheroids will remodel to form monolayers on 1 ýtg/cm 2 substrata, but not on 0.1 ýtg/cm 2
substrata. Therefore, the maintenance of spheroidal aggregates was shown to be sensitive
to matrix concentration. If a significant amount of matrix were being deposited onto the
0.1 or 0.01 .tg/cm2 Matrigel substrata, the spheroids present on these surfaces could be
expected to reform into monolayered aggregates. This is clearly not the case. In addition,
it was observed that the proteolysis of receptors and/or ligands due to trypsin exposure
causes rapid (i.e., <15 min.) rounding of initially spread cells (e.g., hepatocytes cultured
on 1 [tg/cm 2 Matrigel). This indicates that a significant loss in receptor-ligand bond
number might also cause monolayered cells to convert to a spheroidal morphology. These
observations support the idea that any changes in matrix concentration which occur during
the course of these experiments do not significantly affect cell-substratum adhesion, and
that the adhesion data taken on day 1 is a valid parameter for use in the biophysical analysis
of aggregate morphogenesis.
These results provide quantitative proof of the hypothesis that cell-substratum
adhesion strengths correlate with hepatocyte aggregate morphology, but they do not
account for the mechanism(s) by which aggregates evolve. There are two potential
mechanisms that can be identified:
(1) Aggregate morphology evolves through a mechanism akin to that of the free
energy minimization phenomenon described by Steinberg (126). In this scenario,
aggregate morphogenesis is guided by the near-equilibrium fluctuations of cell-cell
and cell-substratum molecular (i.e., receptor-based) interactions. As cells
aggregate, physical remodeling results from small perturbations in the local
molecular equilibrium as the nascent aggregate attempts to increase high adhesion
(either cell-cell or cell-substratum) contact regions. Random cell motility also
contributes to increased formation of desirable (i.e., more adhesive) cell-cell or cell-
substratum interactions as an aggregate progresses towards a minimum free energy
(equilibrium) state. Therefore, when cell-substratum attachment sites are sparse,
surface free energy is minimized by maximizing the more highly adhesive
intercellular adhesions, and spheroids result. Conversely, when cell-substratum
attachment sites are plentiful, surface free energy is minimized by maximizing the
number of cell-substratum adhesion bonds, resulting in monolayers. Active,
directional activation of the cytoskeletal machinery does not play a role in this
process. In this sense, morphogenesis occurs through a passive mechanism, with
the relative strengths of cell-cell versus cell-substratum adhesive interactions
ultimately determining the outcome.
(2) Aggregate morphogenesis is dependent on the active and directed mobilization
of cytoskeletal machinery. In this mechanism, cell-cell contact initiates an
(unspecified) intracellular contraction signal which actively promotes retraction of
the peripheral regions of the aggregate. While further cellular reorganization may
occur due to the free energy minimization process described above, it is the kinetic
ability (or inability) of this active (or energy requiring) contractile event to overcome
the cell-substratum adhesiveness which defines the morphological destiny of an
aggregate. Thus, cell-substratum adhesion strength still plays an integral role in
morphogenesis, but it is the relative strength of cell contractile forces versus cell-
substratum adhesion strength that serves as the primary determinant of hepatocyte
aggregate morphology.
Using time-lapse videomicroscopy, it was observed in chapter 4 that hepatocyte
aggregation occurs in the following sequential steps: (1) membrane extension
(lamellipodial or filopodial); (2) contact of membrane extension with an adjoining cell and
establishment of intercellular adhesions; (3) contraction of joined cells and partial to
extensive rearrangement or release of cell-substratum adhesions. The time scale for
completion of steps 2-3 is generally on the order of 2-6 hours. In formation of spheroidal
aggregates, contraction (step 3) occurs as a series of discrete steps, typically involving a
rapid retraction of distal cellular extensions and peripheral attachments. Membrane
extension or spreading of one cell onto the top of another cell was not observed at any point
during the extensive time lapse videotape analysis performed (i.e., cells did not form
directly into multilayered aggregates), although rearrangement of aggregates into multilayer
spheroids occurred over 24-48 hr. The initiation of morphogenesis is thus consistent with
the second of the above mechanisms, while maturation of aggregate morphology into multi-
layer spheroids is likely to be at least partially due to the first mechanism. Further support
for this mechanism is provided by preliminary observations of F-actin organization in
spheroidal and monolayered hepatocyte aggregates (Appendix C).
Therefore, since the steps which initiate morphogenesis appear to be dependent on
the second of the proposed mechanisms, it is suggested that hepatocyte aggregate
morphology is ultimately determined by the relationship between cell contractile forces and
cell-substratum adhesion forces. When the contractile force exceeds the cell-substratum
adhesion force the cells will be able to "pull" themselves from the surface, breaking cell-
substratum attachments, to form into spheroids. When the latter exceeds the former, the
cells are unable to detach themselves from the substratum, resulting in monolayer formation
with only slight rearrangement of cell-substratum attachment.
While there is currently no direct information on the contractile forces that
hepatocytes are capable of generating, the magnitude of such forces can be estimated from
studies of other cell systems and behaviors. As observed by time-lapse videomicroscopy,
the process of cell contraction during aggregation appears similar to migration of a single
cell in a preferred direction (100). Generation of force during cell migration occurs by
contraction of actin-based cytoskeleton which is ultimately linked to integrins and other
receptors for ECM proteins (73). Cell movement in a single direction results from an
asymmetry in cell-substratum adhesion strength between the leading and trailing edge of the
cell (117), which allows the rear of the cell to detach when the cell contracts, transmitting a
traction force to the substratum. One manifestation of asymmetry is a weaker link of the
integrin receptors to the cytoskeleton at the rear (113), although the signaling mechanism
causing such asymmetry is unknown. The contact of two adjacent hepatocytes during
aggregation may result in generation of signals which result in adhesion asymmetries
analogous to those in migration, inducing directional movement of the cell towards the
aggregate. In cell-cell aggregation, the 'leading edge', then, is the edge touching the other
cell. Traction forces measured for cells migrating on two-dimensional substrata may
therefore provide reasonable estimates of the traction forces generated by contracting
hepatocytes during cell aggregation. Since traction force represents the part of the total
contractile force transmitted to the substratum (73), comparison of traction forces with
measured adhesion forces should allow prediction of which cells will be able to detach and
form spheroidal aggregates.
Traction forces exerted by locomoting cells on deformable 2-dimensional substrata
have been measured for a few cell types (for review see ref. 93). These forces range from
a maximum of - 8 x 10-9 N - 2.5 x 10-8 N for keratocytes (76) to -20 x 10-s N for
fibroblasts (93). Fibroblasts are perhaps the best characterized cell type in terms of their
ability to migrate and they exhibit highly contractile actin filament bundles parallel to the
substratum surface called stress fibers (70). Keratocytes do not appear to form such fibers
(75). At short time periods (<24 hours) hepatocytes exhibit thick actin bands around their
periphery but not fibroblast-like stress fibers (89, 125, 121). The formation of stress
fibers in hepatocytes on 1 gg/cm2 Matrigel substrata was observed, but these did not appear
to be extensive until day 4, well after aggregation occurs. Based on this information, it can
be plausibly inferred that the traction forces generated by the hepatocytes in these studies
fall somewhere in-between the measured traction forces of keratocytes and fibroblasts.
Adhesion data PDFs, e.g. Figure 5-3, allow for simple comparison between cell-
surface attachment forces and estimates of cell contractile forces -- a visual test of the
hypothesis that hepatocyte aggregate morphology is determined by the balance between
these two forces. Figure 5-4 shows the traction force values for these cell types in
conjunction with the hepatocyte cell-substratum adhesion distributions from Figure 5-3. It
is evident that the traction forces generated by keratocytes are in the same range as the cell-
substratum adhesion forces of those cells that form into spheroids (0.1 gtg/cm2 , 0.01
ýIg/cm 2 Matrigel nominal concentrations) but are much less than the adhesion forces of most
of the cells on 1 ýLg/cm 2 Matrigel. Conversely, fibroblast traction forces exceed the cell-
substratum adhesion forces of almost all of the cells on 0.1 jtg/cm 2 and 0.01 jgg/cm 2
Matrigel but not of cells on 1 jLg/cm 2 Matrigel. In other words, since the traction forces for
fibroblasts and keratocytes form reasonable upper and lower bounds for the traction forces
capable of being generated by hepatocytes, spheroids form when cell traction forces can
exceed cell-surface adhesion forces, while monolayers form when traction forces fall below
cell-surface adhesion forces. These results provide strong support for the hypothesis that
hepatocyte aggregate morphology is governed by biophysical phenomena.
It has been assumed in this analysis that the primary cellular biophysical parameter
influenced by ECM concentration is cell-substratum adhesion strength, and there are at
present no data bearing on whether hepatocyte contractile strength is a function of the
adsorbed Matrigel concentration. Cellular F-actin, which is responsible for cytoskeletal
tension generation, is present in similar levels in hepatocytes attached to a wide range of
extracellular matrix concentrations (86), so it is unlikely that any differences in contractile
strengths can be attributed to differences in F-actin mass. It has been shown that increasing
serum concentration in the medium will stimulate a higher extent of contraction in gel
matrices imbedded with cells (61), and that thrombin stimulates increased contraction of
fibroblasts and endothelial cells in collagen matrices (66), but it is not known whether this
is due to increases in cellular contraction or in cell-matrix adhesion strength. In fibroblasts,
an increase in the ECM concentration may contribute to increased focal adhesion formation,
which is associated with an increase in stress fiber formation (70). Observations of
hepatocytes on 1 gg/cm 2 Matrigel indicate that stress fibers do indeed form in some cases
(Figure C-4), suggesting that hepatocytes may be able to generate contractile strengths
approaching those of fibroblasts. Regardless, the adhesion strength demonstrated by most
hepatocytes on a 1 Jtg/cm 2 Matrigel substratum (Figure 5-4) is greater than even this upper
bound estimate of contractile strength. Thus, according to the hypothesis, it would be
expected that the aggregates that form on a 1 Lig/cm 2 Matrigel substratum will be monolayer
rather than spheroid in morphology, and indeed they are.
It is also possible that cell-cell adhesion is influenced by ECM concentration.
Stable hepatocyte cell-cell adhesions are formed within a few hours of contact; within 48
hours, typical epithelial junctions (i.e., tight junctions, bile canaliculus-like structures and
zonula adherens-type junctions) are observed (82). While the effects of ECM concentration
on these phenomena are not well characterized, time lapse videotape analysis of aggregating
hepatocytes allows for analysis of this relationship. Data were obtained from 12 hour
videotaped segments for the frequency of contact between independent hepatocyte singlets
and/or aggregates and the subsequent event of either remaining in contact or separating.
These data show that a similarly large majority of the cells remain adhered to one another
for all three Matrigel concentrations, suggesting that cell-cell adhesions are not significantly
affected by ECM concentrations.
It is concluded that cell-substratum adhesion strength is a determinant of hepatocyte
aggregate morphology, and suggested that this parameter manifests itself in morphogenesis
through biophysical interplay with cell contractile strength.
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Table 5-1. The mean cell spreading areas and calculated radius and height values
for hepatocytes on 1 Jig/cm 2, 0.1 gg/cm2, and 0.01 gg/cm2 Matrigel substrata.
R~trunPi nn
-4
I I
S0.8
E
m 0.6
0.4
O
o 0.2
%I.-
0 5 10 15 20 25
shear stress (Pa)
Figure 5-1. Dependence of hepatocyte detachment on the applied shear
stress. The fraction of cells detached is plotted as a function of the shear stress
to which the cells are exposed for 1 gg/cm2 (m), 0.1 gg/cm 2 (0), and 0.01
gg/cm 2 (X) Matrigel substrata.
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Figure 5-2. Dependence of hepatocyte detachment on the applied shear force. The
fraction of cells detached is plotted as a function of the calculated shear force present on the
cells for 1 gg/cm 2 (- -- ), 0.1 gg/cm 2 (--G -), and 0.01 gg/cm2 (- X- -) Matrigel
substrata. Curve fits are generated from the integral of a lognormal probability density
function.
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Figure 5-3. The probability density function of the shear force required to detach
hepatocytes from 1 gLg/cm 2 ( ), 0.1 gg/cm 2 (- -), and 0.01 tg/cm 2 (- - - )
Matrigel substrata.
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Figure 5-4. A comparison of adhesive and contractile forces. The probability density
function of the shear force required to detach hepatocytes from 1 p1g/cm 2 (- ), 0.1
gg/cm 2 (- -), and 0.01 pg/cm2 (- - - ) Matrigel substrata is plotted along with the
maximum measured traction forces generated by keratocytes and fibroblasts.
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6 Conclusions
6.1 Summary
This thesis investigated the nature of substratum control over hepatocyte
aggregation and aggregate morphogenesis. The initial studies investigated the effects of
variation in biophysical and biochemical substratum properties on hepatocyte aggregation
and aggregate morphology. Following this analysis, the cellular mechanisms underlying
hepatocyte aggregation were identified and employed in the formulation of a hypothesis of
the biophysical nature of substratum control over hepatocyte aggregate morphology. The
final phase of the thesis involved the verification of this hypothesis through observations of
cellular behavior in conjunction with quantification of the principal biophysical parameters
of interest.
The aggregation of primary rat hepatocytes dispersed in culture was shown to
depend in large part on the degree of surface coverage by these cells. In addition, the
substratum ECM concentration significantly affected the ability of these cells to aggregate,
most notably at low cell surface coverages. ECM type (Matrigel, laminin, fibronectin) did
not appear to influence aggregation behavior. By day four in culture, these hepatocellular
aggregates exhibited vastly different morphologies, again depending on the substratum
ECM concentration. Spheroids formed at low matrix concentrations independent of ECM
type, while monolayers formed at high matrix concentrations. Similar behavior was
observed for all ECM types examined (Matrigel, laminin, fibronectin, type I collagen).
These results suggest that the biophysical properties of a substratum play an important role
in both the ability of hepatocytes to aggregate and the morphology assumed upon
aggregation.
In order to further assess the effects of substratum properties on these phenomena it
was necessary to gain an understanding of the cellular mechanisms which are involved in
hepatocyte aggregation and the ensuing events. Time-lapse microscopy of hepatocytes in
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culture indicates that cell membrane extension is the primary mechanism by which cell
aggregation occurs. The initial assumption that cell migration via the "crawling"
mechanism by which mammalian cells typically translocate was responsible for hepatocyte
aggregation proved incorrect. Rather, aggregation is initiated primarily by a mechanism
which involves cell membrane extension. This membrane extension appears to be
stimulated by increases in both ECM concentration and cell seeding density and is not
affected by exposure to different types of ECM. These results indicate that a substratum
can be designed to elicit the desired degree of hepatocyte aggregation simply by varying the
substratum ligand concentration and the initial density at which these cells are seeded.
Observations of hepatocyte behavior following cell-cell contact indicate that a
cellular contraction event often occurs which pulls the coupled cells towards one another.
Since the morphology of hepatocyte aggregates was observed to depend on ECM
concentration, a hypothesis was formulated that aggregate morphology is dictated by the
relative strengths of cellular contraction and cell-substratum adhesion: monolayers form
when cell-substratum adhesion is dominant, spheroids result when cellular contraction is
dominant.
Verification of this hypothesis requires a quantitative analysis of hepatocyte
adhesion strength on substrata of different ligand concentrations. Quantification of cell-
substratum adhesion strengths indicates that, indeed, monolayers form at high cell-
substratum adhesion strengths, spheroids form at low cell-substratum adhesion strengths.
Literature values of cell traction forces fall in-between the measured values of cell-
substratum adhesion strengths, providing strong support for the proposed hypothesis.
Since the morphology exhibited by hepatocyte aggregates has been shown to
correlate with the ability of these cells to attain states of differentiation or growth, these
results provide an effective method for controlling cell behavior by variation in the
biophysical properties of the substratum. This information provides a rational basis for the
design and modification of biomaterials to be used in hepatic tissue engineering
applications.
6.2 Future Work
Since a functioning liver consists not only of hepatocytes, but also of a variety of
other cell types (e.g., sinusoidal endothelial cells, bile duct epithelia), it is imperative to
next consider the effects of the biophysical parameters outlined in this thesis on the sorting
and morphogenesis of co-cultures of hepatocytes and non-parenchymal cells. Sinusoidal
endothelia are the most logical candidates for analysis in co-culture with hepatocytes as
these cells are found adjacent to one another in the vascular bed in vivo.
Co-culture of hepatocytes with sinusoidal endothelial cells (SEC) adds another level
of complexity to the analysis performed in this thesis, as three types of cell-cell interactions
(hepatocyte-hepatocyte, SEC- SEC, hepatocyte- SEC) and two types of cell-substratum
interactions (hepatocyte-substratum, SEC-substratum) must now be accounted for. In
addition to the types of experiments performed in this thesis (quantification of the
hepatocyte- and SEC-substratum adhesion strength), a suggested research strategy for such
experiments involves the use of SECs which, through genetic modification, differ in the
expressed amounts of cell-cell adhesion molecules (e.g., cadherins) and subsequent
observation of differences in organization and pattern formation. The use of cadherin
antibodies, both in solution and bound to the substratum, would also be of help in
elucidating the effects of biophysical adhesion events in the observed morphogenetic
behavior.
Effective analysis of relative strengths of cell-cell interactions can be accomplished
by seeding mixtures of cells into cell suspension spinner vessels at different total
concentrations and different cell type ratios (from 100% SECs to 100% hepatocytes).
Inspection of the resulting aggregates at different time points allows for determination of
the relative strengths of homotypic and heterotypic binding as well as insight into the
t.
/kinetic behavior of these associations. This information can then be correlated with the
morphogenetic behavior observed in co-culture on substrata of various adhesivities.
One attractive candidate for substrata to be used in the co-culture of hepatocytes and
endothelial cells is a surface utilizing ligands which are specific for hepatocytes (e.g.,
galactose). By allowing endothelial cells to associate only with other cells (i.e., not the
substratum), cell-sorting is more efficiently achieved through selective substratum adhesive
interactions with hepatocytes. In this scenario, substratum ligand density is optimized for
hepatocytes based on the criteria established in this thesis, while cell-cell interactions could
be assessed through both co-culture with hepatocytes on these substrata and the cell
suspension method described above.
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In addition to the XPS surface characterization detailed in chapter 2, three other
protein assays were also used in an attempt to analyze adsorbed protein concentrations: a
micro bicinchoninic acid (BCA) assay, a NanoOrangeTM assay, and an o-phthalaldehyde
(OPA) assay. Each of these assays was used to measure the protein concentration of the
solution removed from the petri dish (i.e., the unadsorbed protein concentration).
Adsorbed protein concentrations were then calculated from differences between initial and
final solution concentrations. All proteins were adsorbed to 35mm petri dishes as
described in section 2.2.1. Protein standards were prepared by diluting the stock protein
solution (which is of known concentration) to the desired final concentration in PBS. All
procedures were performed at ambient temperature unless otherwise specified.
A.1 BCA Assay
The determination of protein concentration with BCA is initiated by the biuret
reaction, in which peptide bonds and individual amino acid side chains (primarily cysteine,
cystine, tryptophan and tyrosine) react with Cu 2+ in an alkaline medium to produce Cu'. A
purple reaction product is then produced by the interaction of two molecules of BCA with
one cuprous ion (Cu'), which allows for spectrophotometric determination of protein in
aqueous solutions.
BCA protein assays were performed with the use of a micro BCA protein assay
reagent kit (product #23235; Pierce Chemical Co.; Rockford, IL). Standards, samples and
blanks (100 tll aliquots) were added to designated wells of a 96 well microtiter plate, after
which 100 gl of BCA working reagent was added to each well. The microtiter plate was
then covered and incubated overnight at 370 C. The absorbance of each well was then
measured at 562 nm with a Spectramax 250 microplate spectrophotometer (Molecular
Devices; Sunnyvale, CA). Due to the relatively low sensitivity this assay provides, only
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data for 1 g/cm2 nominal Matrigel concentrations were obtainable. The results from these
experiments indicate that 0.4 + 0.1 ýtg/cm2 Matrigel adsorbs to the surfaces at ltg/cm2
nominal Matrigel concentration, which agrees closely with XPS measurements.
A.2 NanoOrangeTM Assay
The NanoOrangeTm protein assay reagent fluoresces upon association with various
detergents. Denaturation of proteins via addition of dimethyl sulfoxide (DMSO) followed
by addition of NanoOrangeTM reagent allows for quantitation of protein concentrations.
The assay was begun by mixing 1 ml of protein solution with 2.5 ml NanoOrange working
reagent in 15 ml polypropylene centrifuge tubes. This mixture was then incubated for 10
min. at 90' C and subsequently allowed to cool to room temperature for 20 min.
Fluorescence readings were recorded through the use of an RF5000U
spectrofluorophotometer (Shimadzu Corporation; Kyoto, Japan) with excitation
wavelength set for 470 nm and emission wavelength set for 570 nm. The adsorption of
Matrigel at a 1 ýgg/cm 2 nominal protein density was determined using this method and
measured as 0.7 ± 0.3 glg/cm 2, which is of the same order of magnitude as XPS
measurements. This assay was unable to detect adsorbed protein concentrations below
those of the 1 ýLg/cm 2 nominal protein concentrations.
A.3 OPA Assay
OPA detects protein concentrations by reacting with primary amines in the presence
of mercaptoethanol, yielding a blue colored fluorescent product with a maximum
wavelength of excitation at 340 nm and emission at 455 nm. Standards, samples and
blanks were prepared for analysis by adding 2 ml solution to a 3 ml polystyrene cuvette
(VWR Scientific). Immediately prior to fluorescence analysis, 0.5 ml Fluoraldehyde TM
OPA reagent (product #23255X; Pierce Chemical Co. Rockford, IL) was added to the
cuvette and mixed vigorously. The cuvette was then placed in an RF5000U
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spectrofluorophotometer (Shimadzu Corporation; Kyoto, Japan) with excitation
wavelength set for 340 nm and emission wavelength set for 455 nm. The intensity of
emitted light was tracked for 5 min. and the peak value recorded. The OPA assay was not
sensitive enough to give reproducible protein adsorption data at 1 gg/cm2 nominal Matrigel
concentrations, and so data are not reported here.
Appendix B: Lognormal Probability Density Function Integral
In order to calculate the integral of the lognormal probability density function,
In z 2x /20T)dx, it is helpful to first expand the exponential term using the
appropriate series expansion. This expression can then be directly integrated:
inz I -[(x _4)2/20 2] dx
(x- W)2 /(2( 2) (x- ý) 4 /(4&4)
-Inz
i (2 +) 2i+1
-1' (i
i!(2i+ 1)( c2)2i
Eqn. B.
Eqn. B.2
Eqn. B.3.
i(2i + 1Inz
2i+1
+1=/-2o i=0
104
fnz I '7=7- 1
12=2 cr
--[ -
Now, evaluating Eqn. B.3 at x = -oo and with finite gl, Y:
(i!(2i + ))
+1 - erf
FnrL 2aj -[ 2 T
1 t 1
Substituting Eqn. B.5 into Eqn. B.3,
Iz 1 2 22Y
= -
I
_ 1
2
IIý27v + .-
-FCi=0(i 1)(- a)
2i+'
i! (2 "i + 1)-( -)
2 i + 1
2t9 
-~
1 (in z - 42)2 i+
77i= i!(2i + 1)( 2() 2'+'
Eqn. B.6
Eqn. B.7.
Therefore, if In z is a normally distributed variable (i.e., z is a lognormally
distributed variable), the integral of the probability density function is given by Eqn. B.7.
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Appendix C: Cytoskeletal Structure and Organization
C.1 Introduction
In chapter 5, cellular contractile force is implicated as a primary determinant of
hepatocyte aggregate morphology. The ability of cells to generate such forces is dependent
on the cytoskeleton, a complex network of protein filaments that extends throughout the
cytoplasm. The cytoskeleton is composed of three principal types of filaments: tubulin
containing microtubules, actin containing microfilaments and intermediate filaments. It is
generally accepted that, while all three of these filaments serve to provide structural
support, the actin microfilaments (or F-actin) are responsible for cell or membrane
movement, contractile events and generation of cytomechanical force. Since
microfilaments have also been shown to associate with the zonulae adherens of the
epithelial junctional complex, it is particularly important to understand the role that these
cytoskeletal components may play in hepatocyte aggregation and morphogenesis.
Actin microfilaments are rod-like double helical polymers which form
spontaneously from globular actin (G-actin) monomers. F-Actin can exist intracellularly as
linear bundles, two-dimensional networks, and three-dimensional gels. The physical state
of actin in the cell is governed to a large extent by the actions of actin-binding proteins.
There are at least 20 known actin binding proteins found intracellularly some of which can
induce such events as stiffening, contraction, gelation, bundling, capping, severing, and
polymerization/depolymerization of filaments (14, 69, 129).
An important function of F-actin pertaining to these studies clearly involves the
generation of tension or traction forces. Cytoskeletal contraction generates tension
throughout the cell, placing stress on points of cell-substratum attachment and defining a
new biomechanical force balance. This force balance can in turn affect the architecture of
the F-actin network and the cytoskeleton as a whole (53). When the cytoskeletal tension
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generation is insufficient to deform the substratum or break cell-substratum attachments,
actin stress fibers are likely to result (94). These are linear bundles of F-actin
microfilaments and will tend to orient along the direction of stress (98). Interestingly,
stress fibers which form in cells on rigid collagen gels collapsed after these gels were
"relaxed" and made deformable (83). Inspection of cytoskeletal architecture can therefore
be of assistance in understanding the biophysical nature of interaction between cells and
substrata.
In hepatocytes, cytoskeletal organization is similar to that of other epithelial cell
types. In vivo, F-actin is localized at lateral junctional complexes in hepatocytes,
reminiscent of adherens junction type structures. In vitro, hepatocyte F-actin has been
shown to organize either at cellular junctions or in stress fiber-type arrangements,
depending on the physical properties of the matrix to which the cells are attached (84).
Since it is the cytoskeleton which is responsible for the generation of cellular
contractile events, further analysis of the balance between cell-substratum adhesion forces
and cell contractile forces can be achieved by observation of differences in cytoskeletal
phenotype in spheroidal and monolayer hepatocyte aggregates.
C.2 Experimental Methods
The organization of F-actin, the cytoskeletal component responsible for generation
of tension/contraction, was observed via confocal microscopy. Hepatocytes were cultured
on lcm x lcm polystyrene sections as described in section 2.2.2. All procedures were
done at ambient temperature. Cells were fixed at various time points using 4%
paraformaldehyde in PBS pH 7.4 for 30 min., rinsed twice in PBS, and permeabilized for
20 min. in 0.1% Triton X-100. The cells were then washed three times and stored in PBS
until staining.
Cells were stained for 30 min. with 0.8 ýtm FITC-phalloidin (SIGMA Chemicals)
and then washed four times with PBS. A drop of 10 mg/ml n-propyl gallate in a solution
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of glycerol and 10 mM Tris pH 8.5 was added to each of the polystyrene sections to
minimize photobleaching, after which they were placed on glass microscope slides and held
stationary with nail polish.
All samples were analyzed in a laser confocal microscope (Bio-Rad MRC 600; Bio-
Rad Microsciences, Cambridge, MA) attached to an inverted microscope equipped with a
20X lens. Confocal images (768 x 512 pixels) were obtained using Bio-Rad COMOS
software.
C.3 Results and Implications
The actin microfilament distributions in hepatocytes seeded onto 1 jLg/cm2, 0.1
jgg/cm 2, and 0.01 gIg/cm 2 Matrigel substrata were qualitatively analyzed at 3 hrs., 24 hrs.,
and 4 days after seeding.
All cells, regardless of the substratum, showed a diffuse, cortical actin distribution
3 hrs. after seeding (Figure C-1). At 24 hrs., the same diffuse pattern was seen in single
hepatocytes on all substrata, as well as in cells which appear to have coupled shortly before
fixing (Figure C-2). The microfilaments in those cells which had formed into aggregates
by this time point, however, appeared to be organizing into distinct patterns (Figure C-3).
In spheroidal aggregates (aggregates on 0.1 jtg/cm 2 and 0.01 jig/cm 2 Matrigel substrata),
actin filaments localized subjacent to individual membranes and at areas of cell-cell contact.
This arrangement suggests a lack of opposition to the contractile forces provided by the
actin network (94, 119, 52), and is reminiscent of the apical ring of microfilaments which
is a prominent feature of in vivo epithelia (122). However, these structures do not appear
to form in monolayer aggregates (aggregates on 1 glg/cm 2 Matrigel substrata). Instead, the
microfilaments begin to form long fibers oriented linearly within these cells. These bundles
of microfilaments, known as stress fibers, are connected with the substratum through a
series of intermediates typically including talin, vinculin, and integrin receptors (70, 16).
By day 4, these stress fibers can become quite prominent (Figure C-4). It has been
demonstrated that stress fibers often form due to the type of strong physical resistance to
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cytoskeletal contraction provided by highly adhesive substrata (94, 119, 52) and are
disrupted when an unyielding substratum is suddenly "relaxed" (83). The hepatocyte
behavior in Figure C-4 therefore suggests that the absence of retraction in peripheral
regions of these aggregates is due at least in part to the failure of the contractile actin
filaments to overcome cell-substratum adhesion forces in these regions. These
observations provide further validity for the cell contraction component of the hypothesis
which was proposed in chapter 4 and analyzed in chapter 5.
Figure C-1. Confocal micrographs of hepatocytes 3 hrs. post seeding on (a) 0.01
gg/cm2 ; (b) 0.1 gg/cm2; (c) 1 gg/cm 2 Matrigel substrata
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Figure C-2. Confocal micrographs of hepatocytes 24 hrs. post seeding on (a) 0.01
gg/cm 2; (b) 0. 1 Jig/cm 2; (c) 1 gg/cm 2 Matrigel substrata
kU)
Figure C-3. Confocal micrographs of well-ag regated hepatocytes 24 hrs. post seeding
on (a) 0.01 /g/cm 2; (b) 0.1 gg/cm 2; (c) 1 gg/cm Matrigel substrata
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Figure C-4. Confocal micrographs of hepatocytes 4 days post seeding on (a) 0.01
gg/cm2 and (b) 1 gg/cm 2 Matrigel substrata
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